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NOTICE 

This r e p o r t  was prepared as  an account of Government- 
sponsored work. Nei ther  t h e  United S t a t e s ,  nor the  Nat ional  
Aeronautics and Space Administrat ion (NASA), nor any person 
a c t i n g  on behalf  of  NASA: I 

A,)  Makes any warranty o r  r ep resen ta t ion ,  expressed 
o r  implied,with r e spec t  t o  t h e  accuracy, com- 
p le teness ,  o r  usefu lness  of the  information 

I 
I 

contained i n  t h i s  r e p o r t ,  o r  t h a t  the  use  of any 1 

information, apparatus ,  method, o r  process d i s -  
c losed i n  t h i s  r e p o r t  may no t  i n f r i n g e  p r i v a t e l y -  
owned r i g h t s ;  o r  

B . )  Assumes any l i a b i l i t i e s  wi th  r e spec t  t o  the  use  
o f ,  o r  f o r  damages r e s u l t i n g  from the  use  o f ,  an$ 
information, apparatus ,  method o r  process d i s -  
c losed  i n  t h i s  r e p o r t .  

As used above, "person a c t i n g  on behalf  of NASA" 
includes any employee o r  c o n t r a c t o r  of NASA, o r  employee of such 
con t rac to r ,  t o  t h e  ex ten t  t h a t  such employee o r  c o n t r a c t o r  of  
NASA o r  employee of such con t rac to r  prepares,  disseminates ,  o r  , provides access  t n t  o r  
c o n t r a c t  w i t h  NAS 



F I N A L  REPORT 

DEVELOPMENT OF DUCTILE CLADDINGS FOR 

DISPERSION-STRENGTHENED NICKEL-BASE ALLOYS 

V. L .  H i l l ,  S. K. M i s r a ,  and H. L. W h e a t o n  

I I T  RESEARCH I N S T I T U T E  
10 W .  35th Street 

C h i c a g o ,  I l l i n o i s  60616 

I O c t o b e r  30, 1968 
- 

C o n t r a c t  N A S 3 - 1 0 4 9 4  

., NASA L e w i s  R e s e a r c h  C e n t e r  
C l e v e l a n d ,  O h i o  

R o b e r t  O l d r i e v e ,  P ro j ec t  M a n a g e r  
M i c h a e l  A .  G e d w i l l ,  R e s e a r c h  A d v i s o r  

M a t e r i a l s  and Structures D i v i s i o n  - 





This repor t ,  NASA CR-72522, covers work performed 
during the period June 22, 1967 t o  July  31, 1968, on I I T R I  
Project  B6083 under Contract NAS3-10494, e n t i t l e d  "Development 
of Duct i le  Claddings f o r  Dispersion-S trengthened Nickel-Base I l loys  ." 

Personnel who contributed to  t h i s  program included: 
Coatings Research, who served as the I I T R I  

Metal lurgis t ,  serving 
S. K. Misra, Associate 

Engineer during Task 11. Electron 
by M .  Ryan and J .  Lenke. The 

Project  Manager and M. A. Gedwill, Jr., 
Research Center i s  g r a t e fu l ly  

Data generated i n  t h i s  program a r e  recorded i n  I I T R I  
logbooks C17768, C18096, C18115, C18133, and D1577. The repor t  
i s  designated in t e rna l ly  as IITRI-B6083-13. 

i pproved : 

Coatings ~ e s e a r c 6  

iii i 



: I . SUMMARY . . . . .  
i ' I1 . INTRODUCTION . . .  I 

TABLE OF CONTENTS 

Page 

. I 111 BACKGROUND . . . . . . . . . . . . . . . . . . . . .  5 

. i I V  EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . .  6 
I A . Task I . Screening Studies  and Alloy Modifi- 

c a t i o n  . . . . . . . . . . . . . . . . . . . .  7 
. . .  1 . Alloy Se lec t ion  and Sample Fabr ica t ion  7 

2 . Oxidation Screening Tes t s  . . . . . . . . . .  11 
3 . Oxidation Evaluat ion of Modified Alloys . . .  18 

4 . Torch Oxidation Tes t  . . . . . . . . . . . .  2 0  
5 . S u l f i d a t i o n  Tes t  . . . . . . . . . . . . . .  22 

Supplemental Evaluat ion . . . . . . . . . . .  23 

a . ChemicalAnalysis  . . . . . . . . . . . .  23 
b . Metallography . . . . . . . . . . . . . .  24 
c . BendTest  . . . . . . . . . . . . . . . .  3 1  

. . . . . . . . . . . . . . . . . .  7 Discussion 33 
Task I1 . Extended ox ida t ion  Test ing and 
I n t e r d i f f u s i o n  Studies  . . . . . . . . . . . . .  3 4  
1 . A l l o ~  %I-ect ion.and..Samp.l.~&.ic.atrim--. .... 3 4  

2 . F u r n a c e O x i d a t i o n T e s t i n g  . . . . . . . . . .  36 
3 . ~ n t e k d i f  fus ion  Studies  . . . . . . . . . .  4 2  

4 . Supplemental E v a l u a t i ~ n . ~ .  . . . . . . . . .  4 4  
I i 

a . ChemicalAnalysis  . . . . . . . . . . . .  44 . b Metallography . . . . . . . . . . . . . . .  45 
c . $end Tes t  . . . . . . I . . . . . . . . . .  4 9  
d . Microprobe Examination . . . . . . . . .  52 

5 . ~ a b r k c a t i o n  of F o i l  Mater ia l  . 5 9  

. V CONCLUSIONS@JD RECOMMENDATIONS . . . . . . . . . . .  63 

REFERENCES . . . . . . . . . . . . . .  66 

. . .  APPENDIX B . I l l u s t r a t i o n s  and Photomicrographs 113 
. .............. . . . . .  .... 

DISTRIBUTIONLIST . . . . . . . . . . . . . . . . . .  182 



ABSTRACT I 
The object ive  of t h i s  program was to  develop duc t i l e ,  

\oxidat ion-resis  t an t  cladding a l loys  f o r  thor ia  dispersion 
Ps trengthened n icke l  (TD Ni) and nickel-chromium (TD NiCr) . 
I 

I 
I Cyclic furnace oxidation t e s t s  were conducted on 
lmodified a l loys  i n  the Fe-Cr-Al, N i - C r - A l ,  and Ni-Cr-Ta sys tems 
I jat 2300°F f o r  periods of up to  800 hr .  Supplemental evaluation 
included torch oxidation, sulf idat ion-corrosion,  and bend t e s t s  . 
In te rd i f fus ion  s tudies  w e r e  a l s o  conducted on se lected Fe-Cr-A1 
and N i - C r - A 1  a l loys  i n  contact  wi th  TD Nickel and TD N i C r .  

The mos t oxidat ion-resis  t an t  a l loys  were Fe-25Cr 
modified wi th  Y and Th and Ni-20Cr-511 modified wi th  Th. A 

a l loy  survived a 800 h r  cyc l i c  furnace exposure and re ta ined 
d u c t i l i t y  as a  10 m i l  sheet ;  the  others  did not .  Diffusion 

Fe-25Cr -4A1-0.08Y-0.5Ta a l l oy  i s  of pa r t i cu l a r  i n t e r e s t  . This 

,s tudies revealed tha t  extensive in te rd i f fus ion  occurred i n  
h r  a t  2300°F and nearly complete homogenization i n  300 h r  

i t h  both TD N i  and TD N i C r  subs t ra tes .  Oxidation mechanisms 
in te rd i f fus ion  based on microprobe examination a r e  discussed. 
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11. SUMMARY I 
I The objective of th i s  program was to  develop duct i le ,  I 

oxidation-resis tant  cladding alloys fo r  TD Nickel and TD N i C r  1 
for  use a t  temperatures to  2300°F. 1 

I 
The experimental program consisted of two tasks. In  i 

Task I, 56 alloys i n  the Fe-25Cr-4A1, Ni-20Cr-5A1, and Ni-Cr-Ta 1 
systems were fabricated and furnace oxidation tested a t  2300 '~ 
for  100 h r ,  Alloy modification to  the three al loy systems in -  1 
cluded 0.25 a/o additions of Y, Be, Mg, Ce, La, Th, T i ,  Z r ,  Hf, I 
Ta, S i  and Ge. The oxidation res is tance was determined by g r a v i j  
metric analysis during cyc l ic  furnace tes t ing  and subsequent I I 

metallographic measurement of metal recession. It was found thae 
the bes t  oxidation res is tance was obtained i n  Fe-25Cr-4A1 alloys : 
modified with Y ,  T i ,  Th, and Hf and i n  Ni~20Cr-5A1 modified with 1 
Th and Hf. No promising alloys were obtained i n  the Ni-Cr-Ta 1 

sys tem. I 

The most oxidation-resis t an t  Fe-Cr-A1 and N i - C r - A 1  
compositions were then fur ther  modified and evaluated a t  2300°F I 
i n  a second ser ies  of cycl ic  furnace oxidation t e s t s .  Selected 1 
modified alloys were a l so  subjected to  supplemental evaluation 
including torch oxidation, sulf  idation-corrosion, and bend t e s t s  . 
The resu l t s  demonstrated that  none of the alloys were subject to 
sulf idat ion corrosion. Furthermore, the furnace oxidation r a t e  
was equivalent to  the oxidation r a t e  i n  an ai r -natural  gas torch 
flame a t  2300'~. A l l  of the N i - C r - A 1  al loys,  but only the I 

I 

Fe-Cr -A1 al loys containing Hf and Ta, were duct i le  af t e r  oxidatidn 
exposure a t  2300°F for  100 hr .  1 

compositions were 
tones that  survived 
alloys containing 
exposure. Oxidation l i f e  i n  the range of 500-700 h r  was a l so  1 
obtained for  Fe-Cr-Al-Th and Ni-Cr-Al-Th alloys.  The poorest , 
oxidation res is tance found i n  Task I1 was exhibited by Fe-Cr-Al- / 
Hf and Fe-Cr-Al-Ti al loys,  although a l l  compositions survived 1 

lexposure fo r  more than 100 hr. 

Microprobe examination of oxidation samples demonstrate 
that  the oxidation res is tance of Fe-Cr-A1 alloys depended upon , 



--- - - 
the  A1203-rich surface  oxide layer .  The microprobe da ta  and 
/oxidation behavior suggested tha t  the  improvement i n  oxidation 
; res is tance  due t o  minor addit ions consisted of modification of 
t h i s  surface  oxide. This was concluded although no detectable  
concentration of minor addit ions could be found i n  the  s ca l e  
' a f t e r  exposure. Alloys i n  the  N i - C r - A 1  system had a s imi la r  

t o  develop an A1203-rich oxide, but  the  r a t e  of s ca l e  
growth was much slower. I n  con t ras t  t o  a l loys  i n  the  Fe-Cr-A1 
sys tem which f a i l e d  abruptly, modified N i - C r - A 1  a l loys  exhibited 
a gradual metal recession during exposure. 

In te rd i f fus ion  s tud ies  were conducted i n  argon f o r  
100 and 300 h r  a t  2300°F using Fe-Cr-A1 and N i - C r - A 1  cladding I 

!on TD N i  and TD N i C r .  Metallographic examination of i n t e r -  
idiffused samples indicated extensive porosi ty a t  the  cladding/ 
subs t r a t e  i n t e r f ace  wi th  Fe-Cr-A1 cladding, especia l ly  on TD N i  
;substrates . Porosi ty was a l so  evident wi th  N i - C r - A 1  cladding, 
bu t  no continuous band of porosi ty exis ted  a t  the  claddinglsub- 
i s t ra te  in te r face .  Microprobe scans revealed tha t  extensive i n t e r -  
ldiffusion had occurred i n  100 h r  and nearly complete homogeniza- 
jtion had occurred a f t e r  300 h r .  Bend t e s t s  of in te rd i f fused  
'samples did not cause separat ion of the cladding, i n  s p i t e  of 
lthe observed i n t e r f a c i a l  porosity.  Furthermore, i t  was concluded 

the l i f e  of a composite system could no t  be predicted on 
bas is  of in te rd i f fus ion  da t a  alone. Further  evaluations of 

composites i n  a i r  environments a r e  necessary to  define the 
of in te rd i f fus ion  on the  mechanical propert ies  and 

/oxidation res i s tance  of the  composites. 
1 

Six of the most oxidat ion-res is tant  Task I1 a l loys  
I 

e r e  fabr ica ted i n t o  5-mil sheet  mater ia l  f o r  fu r the r  evaluat ion 
a t  NASA as a conclu b i n  - pluded f i v e  Fe-Cr-A r i c a -  
ition procedure used 
b a t e r i a l  was a comb 



111. INTRODUCTION 

One interest ing and potent ia l ly  useful  group of high- ! 

temperature materials i s  based on dispersion strengthening a 
metallic matrix with f ine,  well-dispersed par t ic les  of a refrac-  
tory oxide. TD Nickel (TD Ni), which is  representative of th i s  i 
system, has a number of properties which make i t  a t t r a c t i v e  for  ' 1 gas turbine applications, such as nozzle guide vanes, combus t ion 
cans, and af ter-burner l iners  . Guide vane materials,  f o r  exampld, 
must possess a high degree of oxidation and corrosion r e i i s  tance / 
and be capable of withstanding severe thermal gradients without , cracking o r  bowing. Fortunatel , the applied s t r e s s  resul t ing I 
from the gas bending load i s  on Y y of the order of 4000 psi .  The 1 
superalloys currently used fo r  vane applications generally f a i l  
as a r e su l t  of oxidation o r  thermal fat igue,  although thermal 1 
fa t igue cracking i s  often in i t i a t ed  or  augmented by intergranulan 
oxidation. I n  order to  extend the vane l i f e  a t  current  operatind 
conditions, i t  is  necessary to  make s igni f icant  improvements i n  
these areas. The potent ia l  of increasing turbine i n l e t  temperatv&es, 
without resort ing to design techniques such as a i r  cooling, a l so  1 

requires improvements i n  high- temperature load -bearing capabil i ty,  
beyond tha t  provided by current  superalloys. I 

TD N i  possesses a number of properties desirable fo r  
turbine vane materials: ueeful strength i n  the 2000'-2400'~ 
higher melting temperature than current superalloys, good conduc-8 
t i v i t y ,  and good thermal s t a b i l i t y .  Unfortunately, i t s  r e s i s  tanc 
to  oxidation i s  nearly that  of pure nickel  and is  therefore 
quate for  many potent ia l  turbine applications. Attempts to  impro e 
the oxidation resistance of TD N i  have included the use of alumin,m 
and aluminum-rich d 

C: 
best alurninide coat  
reasonable l i f e  i s  
through alloying h 
contains 20% C r ,  b 
service i n  a dyn 

1. Suff ic ient  duc t i l i t y  to permit fabrication 
of thin  f o i l .  

2 .  Adequate d u c t i l i t y  af  t e r  long-time cycl ic  
exposure i n  order to  maintain res is tance 
to f a i l u r e  by mechanical impact. 



-- - 
i 3 .  Kesis tance to  extensive i n t e rd i f t u s ion  
I i n  contact  wi th  the TD N i  o r  TD N i C r  
I 
I 

subs t ra tes  . 
4. Expansion coe f f i c i en t  s imi la r  t o  t ha t  

of the subs t r a t e  i n  order  to  avoid 
damaging thermal s t r e s se s .  

I Obviously, the  development of a s ing l e  cladding a l l oy  
lwi  t h  a l l  the  above requirements i s  d i f f i c u l t .  Accordingly, the  
: i n i t i a l  approach was t o  develop cladding a l loys  wi th  the r equ i s i t e  
,oxidat ion res i s tance  and d u c t i l i t y ,  keeping i n  mind the require-  
'ment of d i f fu s iona l  s t a b i l i t y .  Diffusion b a r r i e r s  could subse- 
Iquently be employed t o  maintain d i f fu s iona l  s t a b i l i t y ,  i f  required. 
IHowever, se lec t ion  and evaluation of appropriate d i f fus ion  b a r r i e r s  
]was considered beyond hhe scope of the current  program. 

The experimental program was divided i n t o  two tasks.  
The f i r s t  t a sk  consisted of a l l oy  system development and screening 
oxidation t e s t i ng  a t  2300°F. Based on the r e s u l t s  of the i n i t i a l  
oxidation tests, modifications of the most r e s i s t a n t  a l loys  were 
se lected f o r  add i t iona l  e y s l i c  furnace oxidation evaluation. Sub- 
sequently, se lec ted modified Task I a l loys  were oxidation tes ted  
i n  a torch flame and exposed to  a su l f i da t ion  environment. 

i The second task  involved the development and evaluation 
'of improved a l loys  based on information obtained i n  the  f i r s t  tas'k. 
One major d i f ference  i n  the test samples exis ted  f o r  oxidation 
t e s t s  conducted i n  Task I1 from those i n  the previous task. Oxi- 
(dat ion samples during the  second task  were fabr ica ted from 10 m i l  
:sheet mater ia l ,  r a the r  than 0.060 in .  th ick  mater ia l  used previously, 
' t o  simulate a l loy  
I 

e c t s  UI a 5 mil c l a w  wr. 
$Effor t  during t h i s  ed 800 h r  cyc l ic  furnace oxidation 
! t e s t i ng  and invest  t e rd i f fus ion  of se lec ted cladding 
?al loys on TD N i  an s t r a t e s .  F ina l ly ,  5 m i l  shekt 
:material  of s e l e c t  prepare fo r  furhher evaluation 
iby NASA. f I 

I 
ch e f f o r t  i n  t h i s  p ogram was chronolog$cal 

conduc ted . How eve$ 
and w i l l  general ly e discussed i n  the order as the  work was 

some devia t ion i n  t h i s  order w i l l  be elrercised 
i n  t h i s  repor t  t o  void excessive r epe t i t i on  of the  discussion of 
experimental data .  ' For example, the r e s u l t s  of metallographic 
examination i n  ~ a s d  I w i l l  be assimilated i n t o  a s ing l e  sect ion.  
[~ur thermore ,  the a l loys  se lected f o r  the various tests did not  
!always represent  those which had the bes t  oxidation res i s tance  . 
Duc t i l i t y  was a l so  considered. Some a l loy  compositions were 
'selected t o  bracket i n i t i a l l y  se lec ted compositions, however, wi th  
1 the in ten t ion  of obtaining the  maximum possible information during 

I the experimental program. 
I I n  t h i s  repor t ,  a l l  compositions a r e  given i n  weight 

ercent  unless spec i f i ca l l y  i den t i f i ed  as  atomic percent.  - - - 



BACKGROUND 

A review of the l i t e r a t u r e  indicated two general types 
of materials  which could meet the  object ive  of the  program: 
(1) a l loys  based on iron,  n ickel ,  o r  cobal t  alloyed wi th  chromiu 
and other  elements; or  (2) precious metals such as  platinum, 
ir idium or  rhodium, o r  an a l loy  thereof.  The precious-metal 
approach was technical ly l t t r a c  t i v e  s ince  these metals could 1 
have f a i r  compatibi l i ty wi th  TD N i ,  good d u c t i l i t y ,  and excelleng 
res i s tance  t o  oxidation. Unfortunately, materials  cos t  made this1 
approach impract ical .  I 

I 

The oxidat ion-resis  t an t  a l l oy  (Ni, Fe, o r  Co) approach 1 
as ,  therefore,  chosen. A l i t e r a t u r e  review to  e s t ab l i sh  the  I 

e f f e c t  of composition on oxidation res is tance ,  f ab r i cab i l i t y ,  I , 
s t a b i l i t y ,  and thermal expansion charac te r i s  t i c s ,  however, r e -  1 
vealed a dear th  of information on the oxidation behavior of th in  i 
sheet  mater ia l  of these a l loys .  For t h a t  matter,  few quant i t a -  I 

t i v e  da ta  existed on the oxidation behavior of any form of such j 
a l loys  above 2200°F. Moreover, wi th  the  possible exception of 

e a t e r  element materials ,  most ava i lab le  materials  were developed1 
t o  obtain high-temperature s t rength ,  of ten obtained a t  the expensk 
of oxidation res i s tance .  I 

I 

Based on the  analysis  of ex i s t ing  oxidation data,  three/ 
were s,elected f o r  inves t igat ion of the  series Fe-Cr-Al, I 

and Ni-Cr-Ta. No problems i n  thermal expansion were i 
f o r  any of these sys tems because of a bas ic  s imi l a r i t y  I N i  ap$,Tlj N i C r .  This conc ion was ver i f i ed  f o r  the Fe-1 iu and the N i - C r - A 1  system by ex is t ing  data.  T e 
s imi l a r i t y  of the-Ni-Cr-Ta sys tem t o  many nickel -btse  s u l e r  - 

indicatbd no d l i k l c u l t y  w l t h  thermal expansron t n  th ie  

I 
It was a 1  o I orked provided tha 

nd/or tantalum w e r  
hese l i m i t s  were 
bove the  range a t  h ich  i these sys tems . 
ecrease the  workab 

limits were not  known. I 

1 I 

Cons ide ra  
i - C r - A 1  a l l oy  sys tems a t  2100-2300°F. Oxidation res i s tance  had een 

i n  these a l loys  which approached t h a t  required by the  
rogram obj ec r ives .  Consequently, these a l loys  could meet the 1 
rogram object ive  of severa l  hundred hours l i f e  a t  2300°F i f  I 

addit ions t o  a 

. 



The oxidation res i s tance  of the  a l loys  i n  the Ni-Cr-Ta 
system a t  2300 '~  was not known, although there  were some indica-  
t ions  t h a t  tantalum improves the  oxidation res i s tance  of N i - C r - A 1  
a l loys  a t  lower temperatures. It was hoped t h a t  good oxidation 
res i s tance  could be developed i n  t h i s  system, s ince  these a l loys  
might provide grea te r  elevated temperature s t a b i l i t y  i n  contact 
(wi th  TD N i  o r  TD N i C r .  Since no quan t i t a t i ve  elevated temperature 
oxidation data  exis ted  f o r  t h i s  system, more extensive composi- 
t i o n a l  va r i a t i on  was studied.  Alloys consis t ing of var ia t ions  
i n  both chromium and tantalum were studied, as  wel l  as  a l loys  with 
quaternary addit ions t o  the  base composition Ni-25Cr-1OTa. A s  a 
r e s u l t ,  a g rea te r  number of Ni-Cr-Ta a l loys  were se lected f o r  
oxidation t e s t i n g  i n  the  i n i t i a l  phase than Fe-Cr-A1 or  N i - C r - A 1  
a l loys .  

Quaternary addit ions t o  the  th ree  base compositions were 
maintained a t  0.25 a/o f o r  the  i n i t i a l  a l l oy  se lec t ion .  This w a s  
intended t o  assess  the  influence of the  various al loying elements 
a t  a f ixed nominal atomic concentration. The r e l a t i v e l y  low l eve l  
of addi t ion w a s  se lec ted because of the  l imited s o l u b i l i t y  of many 
of the  a l loying elements and the  unknown influence of the  addit ions 
on the  workabil i ty of the  a l loys ,  p a r t i c u l a r l y  the  r a r e  e a r t h  metals. 
Furthermore, data  exis ted  on high-temperature oxidation res i s tance  
of s imi la r  a l loys  which suggested t h a t  considerable improvement i n  
oxidat ion res i s tance  could be obtained by very small addit ions.  (3) 

I V .  EXPERIMENTAL PROCEDURE AND RESULTS 
I 

A flow sheet  of the  experimental program i s  shown i n  
Figure 1. During the  program, three  major groups of cyc l i c  furnace 
oxidation t e s t s  were conducted. After  the  i n i t i a l  a l l ov  e l ec t ion  
compositions evaluated i n  modified   ask I and Task ff al loys  wen 
based on the  r e s u l t s  of previous t e s t s .  The a r b i t r a r y  c r i t e r i o n  
used i n  the screening of a l l oy  compositions was the  t o t a l  weight 
gain of l ess  than 11 mg/cm2 i n  100 h r  a t  2300°F. 

A l l  of the  cyc l i c  furnace oxidation t e s t s  were conducted 
i n  a s i m i l a r  manner. The samples were contained i n  A1203 crucibles  
i n  order t o  record both t o t a l  weight gain and sample weight change. 
The cyc l i c  conditions were 2 h r  cycles t o  20 hr ,  followed by 20 hr 
cycles t o  e i t h e r  100 h r  o r  800 hr .  Evaluation of se lec ted a l loys  
i n  the  torch flame was conducted i n  a s imi la r  manner except t h a t  
8 hr cycles were used a f t e r  20 h r .  I n  addi t ion t o  weight change 
data,  the  r a t e  of oxidation was a l so  measured by metallographic 
measurement of the  oxide thickness and metal recession r a t e .  

Metallography of samples of a l l  a l loys  i n  both the  as-  
fabr ica ted and the  oxidized conditions was evaluated rou t ine ly  f o r  
each of the  three  oxidation t e s t s .  I n  addit ion,  samples subjected 
t o  the  su l f i da t ion  t e s t ,  torch oxidation t e s t s ,  and in te rd i f fus ion  
were a l so  examined metallographically.  Bend t e s t s  and microhardness 
measurements were a l s o  made on se lected a l loys  throughout the  



program t o  ind ica te  the  d u c t i l i t y  of the  various a l l oys ,  During 
Task 11, a l l  a l l oy  compositions were evaluated i n  the  as- fabr ica ted 
and the  oxidized condit ion by 4 t  bend t e s t i n g ,  

Chemical analys is  of se lec ted compositions was employed 
t o  ve r i fy  the  nominal composition of the  a l loys .  A t o t a l  of 23 
of the  67 Task I and modified Task I a l loys  and a l l  18 a l loys  
during Task I1 were analyzed by wet chemical analys is ,  Chemical 
analys is  was required f o r  a l loys  which exhibi ted weight losses  
g rea te r  than 1 percent during arc-melting. I n  no case d id  t h i s  
occur; consequently, s e l ec t ion  of a l loys  f o r  chemical analys is  
i n  Task I w a s  a r b i t r a r y ,  

Electron microprobe examination w a s  employed extensively 
during Task I1 t o  augment o ther  evaluat ion techniques. Selected 
a l loys  were examined i n  the  as-fabricated condit ion and a t  various 
exposure times during the  800 hr oxidation t e s t .  A l l  d i f fus ion  
couples were examined both i n  the as- fabr ica ted condit ion and a f t e r  
exposure f o r  100 and 300 hr  at  2300°F- 

1. Allov Select ion and Samle  Fabricat ion 

A s  previously discussed, a l l  of the  a l loys  se lected,  
with one exception, were i n  the  th ree  bas ic  a l l o y  systems Fe-Cr-Al, 
N i - C r - A l ,  and Ni-Cr-Ta. The nominal compositions of the  56 
Task I a l loys  i n  weight percent a r e  given i n  Table 1, The code 
l e t t e r s  f o r  the  various types of a l loys  shown i n  Table 1 w i l l  be 
employed throughout t h i s  repor t .  Alloys designated as M I ,  M2,  
and M3 a re  i den t i f i ed  separa te ly  s ince  they represent  spec i a l  
cases,  as  w i l l  be discussed subsequently. 

I n  the  Fe-Cr-A1 system, the  base composition se lec ted  
was Fe-25Cr-4A1. Each addi t ion of 0-25 a/o Y, Be, Mg, Ce, La, 
Th, Ti ,  Z r ,  Hf, Ta, S i ,  and Ge was made t o  t h i s  base composition, 
Similarly,  these same addit ions,  wi th  the  exception of tantalum, 
were made t o  the  Ni-20Cr-5A1 base composition i n  the  N i - C r - A 1  
system. The a l l o y  Ni-16Cr-5Alwas a l s o  included i n  order t o  
assess the  e f f e c t  of lower chromium concentration. 

Alloys i n  the  Ni-Cr-Ta system represented var ia t ions  
i n  both chromium and tantalum, i n  addi t ion t o  0.25 a/o quaternary 
addit ions of the  above elements t o  the  base composition Ni-25Cr 
10Ta. The chromium concentration was varied from 20 t o  40 w/o 
at tendant  with tantalum var ia t ion  from 5 t o  15 w/o. It was 
expected t h a t  some d i f f i c u l t y  i n  working would be encountered a t  
the  higher concentration of chromium and tantalum. Since no da ta  
exis ted  f o r  the  Ni-Cr-Ta system, it was decided t o  define the  
concentration l i m i t s  f o r  workable a l l oys ,  



I d  - Three a ditlonal alloys were included for eva1uati~--- 
jduring Task I. One of these alloys was Ni-20Fe-20Cr-1Mn-0.15La 
l(Ml), which was selected to investigate reports that additions 
pf manganese and lanthanum significantly improve the oxidation 
kesistance of Hastelloy through the formation of a MnCr204 scale. 
he other two alloys were Ni-20Cr-5Ta-5A1 (M2) and Fe-35Cr-7.5A1 

which were intended to approach the maximum of alloying 
ddition for fabricable aiE3ibyg in these systems. 

1 The raw materials used for alloy fabrication were care- 
!fully selected since the alloys would be consolidated by arc 
melting. Thus, no major refinement of the raw material could be 
xpected. Therefore, the melting stock of the major alloying 
lements was selected upon consideration of a large number of 
sources. It was considered appropriate to consider only commercial 
Fetals, rather than high cost, high purity melting stock. Iron, 
~hromium, nickel, aluminum,and tantalum were selected with minimal 
interstitial and tramp element content. 
I 
I The typical compositions of the Fe, Ni, Cr, A'1, and Ta 
elting stock are summarized in Table 2. Oxygen is the major 

ketrimental impurity, being about 130 ppm in iron, 400 ppm in 
bhromium, and 150 ppm in tantalum. It was considered likely that 
inost of the oxygen would be scavenged during arc melting since 
h11 of the alloys contained at least one strong metallic deoxidizer. 

arc melting, the slag which floats to the surface of the ingot 
uring repeated melting can result in reduced concentration of 

formers such as Y, Th, and Hf. It is quite likely that 
of some alloying additions were lost by this means. 

Khe importance of sulfur and tramp element levels is noted because 
bf their possible detrimental effect on hot workability. 

and purity levels of the minor alloyin 
n Table 3. No attempt was made to deteknine 
trations of impurities for these materials. 
ements to the vario s alloys was 
that impurities roduced should be i4signifi- 
urity is assumed. 

1 

brc-melting, a minimum of eight remelts were made on each ingot 
in order to obtain a homogenized structure. 



I 
! The ingots  were weighed a f t e r  a r c  melting t o  determine 
/ the  m e l t  losses.  Weight losses  during arc-melting a r e  summarized 
l i n  Table 4. Only one a l l o y  (NT24) showed a weight loss  g rea te r  
' t h a n  1%, and a new heat  of t h i s  a l l o y  was melted a t  I I T R I .  The 
weight loss  of the  second heat was 0.14%. Melt loss  data  d id  not 
i l l u s t r a t e  any definable t rend r e l a t i n g  e i t h e r  t o  the  base com- 
pos i t ion  or  t o  the  spec i f i c  a l loying elements i n  the  nickel-base 
systems. Iron-base a l loys ,  however, tended t o  have higher weight 
losses than the  nickel-base a l loys .  

Pr io r  t o  hot ro l l i ng ,  the  ingots  were conditioned using 
a small hand grinder i n  order t o  remove surface defects  such as  
shrinkage, cold shuts ,  oxides, e t c .  In te res t ing ly ,  the  nickel-  
base a l loys  were much more prone t o  shrinkage and d i r t  than the  
iron-base mater ia ls .  During the  conditioning process, f i v e  a l loys  
were found t o  contain small amounts of unalloyed or  p a r t i a l l y  
alloyed mater ia l  on the  surface.  These included F7 (Th), F9 (Zr), 
F10 (Hf), NA9 (Hf), and NT27 (Hf) . The small degree of segregation 
observed was mainly associated with the  hafnium-containing a l loys .  
These a l loys  were remelted severa l  times a t  IITRI, and wi th  the  
exception of F9, homogeneous ingots  were obtained. However, 
*chemical analys is  of t h i s  a l l oy  showed t h a t  the  ac tua l  composition 
'was very near the  nominal composition. 

After  surface conditioning, the  ingots were given a 
homogenization treatment of 2100°F f o r  24 h r  i n  a i r  followed by 
a i r  cooling. The a l loys  were then hot r o l l e d  using a preheat m temperature of 2150°F with reheating between each pass.  I n  
general,  the  ingots  were given about 5 t o  10 passes a t  5% reduction 
!per pass fo r  i n i t i a l  breakdown, followed by 5 t o  10 passes of 7.5% 
;and f i n a l l y  passes of 10% u n t i l  the  sheet  w a s  approximately 0.080 
i t o  0.090 in .  th ick  .~-TtiS-ria~-BrTf-r~uc5F-onS V m - d e p e n d i n g  on 
t h e  i n i t i a l  thickness and workabil i ty of the  material ,  s ince  the  
I ,reductions c i t e d  a r e  nominal r a the r  than actual .  The r o l l i n g  
!process w a s  in ter rupted a f t e r  reduction of about 30% and again a t  
'50 t o  60% f o r  inspeption and fu r the r  surface conditioning. A t  
; these points ,  any sprface defects  not evident i n  the  as-cas t  ingot 
'were ca re fu l ly  rem+ed by grinding. 

I 
1 

Examples bf the  various types 'o f  sheet  mater ia l  produced 
jare shown i n  ~ i ~ u r e /  2. F5 i s  representa t ive  of t o t a l  f a i l u r e  of 
the  ingot  during h o ~  r o l l i n g .  M 1  exhibi ted large  edge cracks, but 
:some usable materia$ w a s  avai lable .  The conditions of moderate, 
ilight, and no edge cracking arerepresented+p-Mfi-O~-~2~-md F1, 
respect ively .  Another r a the r  common occurrence with the  Ni -Cr -A1  
a l l oys  was one or  two large  t e a r s  r e su l t i ng  from ingot defects ,  
and NA2 i s  representa t ive  of t h i s  condition. The workabil i ty of 
the  Fe-Cr-A1 a l loys  studied was general ly very good. These materials  
appeared t o  have low hot s t rength ,  a wide working range, and appar- 

A- 

en t ly  a r e l a t i v e  i n s e n s i t i v i t y  to  ingot defects .  As  w i l l  be-noted, 
hqwever, a l loys  wi th  r a r e  e a r t h  addit ions were more prone to  fab- 
r i c a t i o n  d i f f i c u l t i e s  than those without these addi t ions .  

- - --- - -. - - - -- " 



A l l  of the Fe-Cr-A1 a l loys  produced sheet  f r e e  of edge! 
c r a c k s  wi th  the exception of F5 (Ce) and F6 (La) although occa- , 
l s iona l  minor surface  imprefections r e su l t i ng  from ingot  defects  
/were noted. The r a r e  ea r th  containing a l loys  were completely , / unworkable by the  techniques employed. An in te rmeta l l i c  compound, 
located primarily a t  the g ra in  boundaries was v i s i b l e  me ta l logra -  
phical ly  and i s  believed t o  have caused the  f a i l u r e .  The exact , 

f a i l u r e  mechanism ( i .  e . ,  l i qu l t i on ,  in tergranular  a t tack,  o r  
g ra in  boundary weakness), however, was not determined. Specimens 

/ o f  F5 and F6 were prepared by grinding buttons which were a rc -  
mel ted  a t  I I T R I .  

Most of the N i - C r - A 1  a l loys  produced good qua l i t y  sheet  
mater ia l  wi th  only l i g h t  edge cracking. Exceptions w e r e  again 1 

those a l loys  containing the  r a r e  ear ths  Ce /and La (NA5 and NA6) ; the 
s i t u a t i o n  appears t o  be analogous t o  t ha t  in,the Fe-Cr-A1 sys tern{ 
Although considerable cracking occurred, however, i t  was poss ible  
t o  r o l l  NA6 and obta in  specimens from the  wrought mater ia l .  
attempt was made to  grind oxidation samples from an arc-melted 
button of NA5, but  the mater ia l  crumbled before reaching f in ished 
dimensions. I n  general,  the  workabil i ty of the  N i - C r - A 1  a l loys  , 
was not  as good as  t h e i r  Fe-Cr-A1 counterparts .  The reasons f o r  1 

t h i s  appear t o  be higher hot  s t rength ,  a narrower working range, 1 
and a g rea te r  s e n s i t i v i t y  t o  ingot  defects .  Nickel-base a l loys  
appeared t o  be prone t o  cracking when the  temperature loss  durina 
t r ans fe r  from the  preheat furnace was  excessive. During the  
i n i t i a l  breakdown port ion of the  hot working process, small, un- 
detected shrinkage cav i t i e s  probably resu l ted  i n  some of the l a rge  
cracks which developed. Thus, wi th  sound, properly conditioned 
/ ingots ,  l i g h t  i n i t i a l  reductions and good temperature control ,  
lgood qua l i t y  sheet  mater ia l  of N i - C r - A 1  a l loys  can be  produced. I 

1 
a b i l i t y  of the Ni-Cr-Ta a l loys  w a s  i n  genera$ 
r - A 1  types, but  not as good as the  Fe-C.r-Al ! 

r-Ta a l loys ,  l i k e  N i - C r - A 1  a l loys ,  had . ~ i g h  
d not appear t o  be s prone t o  cracking due ' 

the  preheat furnace. A 
p rec ip i t a t i on  of NigTa 

the f Ni3A1 i s  rapid.  Famma 
Ni3Ta. Sat is factory  

,sheet  was produced from a l l  the ternary Ni-Cr-Ta a l loys  although 
a t  the  higher C r  a* Ta levels ,  the a l loys  were very s t i f f .  1 Corn-, 

containidg up t o  about 30% C r  r esu l ted  i n  sheet  wi th  
crackin , r--(3r-m-e-eet 

edge- I 

I The 0.25 a /o  addit ions of Y, Mg, Th, T i ,  H f ,  S i ,  and Gel 
ihad no apparent e f f e c t  on the  workabil i ty of the  bas ic  Ni-25Cr-lOTa 
ialloys. A s  wi th  the Fe-Cr-A1 and N i - C r - A 1  a l loys ,  heavy edge 
[cracking occurred i n  the  a l loys  containing C e  and La, although t h  
y ie ld  was s u f f i c i e n t  t o  obta in  oxidation t e s t  specimens. The pun k 

t e r i a l s  i s  more l i ke ly  du-, 

- - -- . - -  

, I 
I , ,,_ 
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The only remaining a l l o y  which could not be worked w a s  
M2 (Ni-20Cr-5A1-5Ta). It i s  believed t h a t  t h i s  mater ia l  i s  simply 
too sa tura ted wi th  hardeners (Al, Ta) t o  be worked by the  methods 
employed i n  t h i s  inves t igat ion.  Since t h i s  a l l o y  was not included 
i n  the  i n i t i a l  program, samples of t he  M2 a l l o y  were not prepared 
f o r  oxidat ion t e s t i n g  . 

Following hot r o l l i n g  of each a l loy ,  samples approximately 
11.0 x 1.0 i n .  were cu t  from the  0.080 t o  0.090 in .  th ick  hot r o l l e d  
;sheet .  After  s t ra ightening,  the  specimens were surface ground t o  
'0.060 + 0.0005 in .  and polished through 600 g r i t  paper t o  ensu re '  
lconstafit surface conditions. The c lose  thickness to lerance  w a s  
,intended t o  permit accurate metallographic thickness measurements 
ion oxidized samples. Final ly ,  the  edges and corners were rounded, 
land the  samples were washed i n  acetone p r i o r  t o  t e s t i ng .  
I 

Oxidation Screening Tests 
I 

v - Cyclic oxidation t e s t s  were accomplished - i n  s t a t i c  a i r s  - -  
; i n  a Globar heated furnace a t  2300° + 10°F. Duplicate specimens 
!of each a l l oy  were placed i n  Norton Alundum crucibles ,  which were 
'baked i n  a i r  a t  2300°F f o r  24 hr  p r i o r  t o  use. The crucibles  
;containing the  samples were then mounted i n  alumina r e f r ac to ry  
/bricks,and Alundum covers were suspended above the  crucibles .  
!This w a s  intended t o  p roh ib i t  debr is  from f a l l i n g  i n t o  the  cru- 
, c ib l e s .  Cyclic furnace oxidation t e s t i n g  consisted of 2 h r  cycles 
' f o r  the  f i r s t  20 h r  followed by 20 h r  cycles t o  100 hr .  After  
:removal from the  furnace, the  crucibles  were quickly capped t o  
I  prevent any losses  due t o  spa l l ing .  The weights of the  crucibles  
]containing the  samples plus spal led  sca le  ( i f  any) and the  weights 
of the  samples a f t e r  l i g h t  brushing were then determined. From 

l these weights , bo t h 7 E € X l ~ a f  -iicC -weeIghz- gain -t~~cIudTzs:g- spal led  
\ s ca l e  and spec i f i c  !sample weight change were ca lcula ted.  When a 
i20 h r  exposure w a s  \completed, one-third of one sample of each a l l oy  
:was  removed f o r  meqallographic examinat ion. Similarly,  a metallo- 
(graphic sample was iremoved from the  secjtioned sample a f t e r  60 hr ,  
'and the  remaining  art used f o r  metallography a f t e r  100 h r  of t e s t -  
ling. An attempt wds made t o  obtain redvced weight and dimensions 
: a f t e r  each section$ng operation f o r  weight change calcula t ions .  
However, the  speciqic weight gains tha t '  were ca lcula ted did  not 
{show good agreement wi th  the  r e s u l t s  of the  dupl ica te  samples t h a t  
were not  sect ionedi  This appeared t o  be mainly the  r e s u l t  of addi- 

I t i o n a l  spa l l ing  injuced by the  clamping and cu t t i ng  operation. 
- - - - -  - - -  , - - -  - -  . 

Oxidation screening t e s t s  i n  Task I were conducted i n  
s i x  groups, with 18 specimens i n  each group. Final ly ,  the  two 
remaining a l loys  were evaluated i n  a seventh run. This was intended 
t o  avoid mixing of t e s t  samples, as  wel l  a s  t o  permit i n i t i a t i o n  
of oxidation t e s t i n g  p r io r  t o  fabr ica t ing  a l l  of the  110 t e s t  
isamples. I n  general,  the  s i x  groups of t e s t  samples consisted of 
/ a  v a r i e t y  of test samples of the  th ree  a l l o y  svsterns. Duolicate 
samples of TD N i C r  were exposed i n  the second rup as control speci -  - 
mens f o r  the  oxidation t e s t .  

I --- 



Fe-Cr-A1 Alloys 
I 

The oxidation data f o r  Task I Fe-Cr-A1 a l loys  a r e  sum- , 
marized i n  Table 5. The t o t a l  spec i f i c  weight change (including 
spal led  scale)  and the  specimen spec i f i c  weight changes f o r  
se lec ted a l loys  a r e  p lot ted  i n  Figures 3 and 4, respect ively .  I 

Although weight changes were measured and calcula ted a t  each 
2 hr i n t e r v a l  during the  i n i t i a l  20 hr ,  da ta  i n  Table 5 a r e  given 
only a t  20 h r  i n t e rva l s .  Furthermore, data a t  20 h r  represents  
the  average of two samples, whereas the remaining weight changes 
were ca lcula ted from a s ing l e  sample. This i s  because one of the  
samples of each a l l oy  Taas sectioned per iodical ly  fo r  metallographi 
examination, as  previc s l y  discussed. 

h- 

The oxidation res i s tance  o t  the  basic Fe-25Cr-4A1 ( ~ 1 )  
' is not adequate f o r  2300°F service .  During the  f i r s t  few cycles,  
,a very th in ,  white oxide, resembling onion skin, formed which com- 
lpletely peeled from the  surface and l e f t  the  base metal exposed. 
:After about 4 cycles,  a t h i n  dark gray oxide formed which p a r t i a l l y  
ispalled on cooling. The spa l l ing  process was characterized by 
e j ec t ion  of s m a l l  a reas  of oxide, as opposed t o  the gen t le  f laking 
inoted e a r l i e r ,  r e su l t i ng  i n  a spotted appearance. During t h i s  
'portion of oxidation, the  increments of weight gain between the  
2-hr cycles increased as the  number of cycles increased. After  
'about 60 h r  of oxidation, a th i ck  black oxide which d id  not spa11 
,as r ead i ly  as i t s  predecessor began t o  form. The e f f e c t  of the 
' t h i rd  oxide layer  i s  r e f l ec t ed  i n  the  specimen weight change curve 
(Figure 3) as  a change i n  s lope a f t e r  about 60 h r .  , 

I 

The addi t ion of 0.25 a/o Mg (F4) o r  Ge (F13) had no 
; s ign i f ican t  e f f e c t  on the  oxidation res i s tance  of Fe-25Cr-4A1. 
"hese a l loys  appeared iden t i ca l  on the  bas i s  of macroscopic appeair- 
lance, t o t a l  weight ~ S L T  anC saiipEe- weTg-Eif CkCng~: - S-imixar-ly, nu 
' r e a l  improvement w4s  achieved by the  addi t ion of S i  (F12) although 
Ithe weight loss  was; somewhat l e s s  due t o  l e s s  spa l l ing .  This 
apparently r e su l t ed  from the  formation of the  t h i ck  black oxide 
,observed on the  basie a l l o y  a f t e r  about an equal exposure time. 

I 
I , 

The r a r e  Eearth addit ions of ~e (F5) and La (F6) provided 
;improved sca le  adhelrence, but the  ove ra l l  l e v e l  of oxidation r e s i s -  
,tance remained pooq. The 100 h r  t o t a l  spec i f i c  weigh gains of 
these a l loys  were very c lose  t o  the  value of 24 mg/cm5 exhibi ted 
by the  base compos$tion; however, the  sample weight change w a s  
 positive, indicat ing improved adherence of the  oxide sca le .  

L- -- - - -- -- - - - ---  *- -- -- - - - - -  
I 
I The addi t ion  of 0.25 a /o  Y resu l ted  i n  a marked improve- 
ment i n  oxida ion res i s tance  as  evidenced by a t o t a l  weigh gain 
of 3.50 mg/cm5 and a specimen weight change of f2.35 mg/cm5 a f t e r  
100 h r .  During the  f i r s t  few cycles of oxidation, t h i s  a l l o y  
,formed a very th in ,  adherent, l ight-gray oxide, r a the r  than the  
flaky, white oxide observed on the  bas ic  Fe-25Cr-4A1 al loy.  The 
pro tec t ive  oxide appeared t o  remain e s s e n t i a l l y  unchanged f o r  the  
'duration of the  t e s t  although there  were a few t iny,  b r igh t  specks 
- - - -. - - - - - - - - - - - - - -  - - ----- - - "  - --- - - 



on the  sample a f t e r  100 hr .  ' The br igh t  areas  were presumably t h  
/metal subs t ra te  revealed i n  some areas  as  a r e s u l t  of local ized 
Ispalling. Since t h i s  occurred only over a small por t ion of the  

bere  qu i t e  s m a l l .  
/ surface and the  p ro tec t ive  oxide was very th in ,  the  weight changes 

1 The addi t ion of 0.25 a/o Th (F7) produced an e f f e c t  qu i t e  
j s i m i l  r t o  t h a t  of the  Y addit ion.  A t o t a l  weight gain qf 4.67 9 'mg/cm and a pos i t ive  sample weight change of 2.26 mg/cm were 
'reeorded. The oxide w a s  th in ,  gray, and adherent, and only a few 
/small b r igh t  spots  (presumably spa l l ing)  were noted a f t e r  the  
$00 h r  t e s t .  

i 
I The Group IV-A metals (Ti, Z r ,  and Hf) a11 had a marked 
ieffect on the  oxidation res i s tance  of the  bas ic  Fe-25Cr-4A1 a l loy .  
?he titanium-containing a l l o y  (F8) formed a t h i  adherent gray 

7 
9 ioxide and had a t o t a l  wei h t  gain of 2.82 mg/cm with a sample 

weight change of +0.52 mg cm2. A few small b r igh t  spots  indicat ive  
,of spa l l ing  were noted on the  sample during the  l a t e r  s tages of 

jthe test* 
Zirconium, a t  the  l eve l  invest igated,  d id  not  r e s u l t  i n  

Ln a l l o y  wi th  des i red  degree of improved oxidation res i s tance .  The 
,alloy formed a th ick,  adherent, black oxide wi th  a rough surface.  
A pos i t ive  sample weight gain o 15.5 mg/cmZ as compared t o  a 1 
t o t a l  weight gain of 18.6 mg/cm5 i s  ind ica t ive  of good sca l e  
ad her  enc e . - - -. . , . r-  - 
1 

The 0.25 a/o Hf addi t ion t o  Fe-25Cr-4A1 produced a most 
l interest ing appearance. This a l l oy  developed a very adherent oxide 
bs evidenced by a sample weight hange of +6.18 as compared t o  a L~-~-~o--~~TE-~~oT~ t e s t i n g  . jtotal weight gain of-+=-36-nqg/rm 
v h i l e  the  previous addi t ions  which improved the  oxidation res i s tance  
of the  base a l l o y  rbsul ted  i n  the  formation of a gray oxide, the  
/hafnium addi t ion rebul ted  i n  a dark gold oxide. 
, 
I The last b.25 a/o addi t ion which produced improvement i n  
fhe oxidation r e s i s l ance  of Fe-25Cr-4Al j was t a  talum (F11). The 9 ,tzotal weight gain o;E t h i s  a l l oy  w a s  7.52 mg/cm a f t e r  100 hr  of 
pxidation t e s t i ng ,  but  the  sample weight change was  -4.32 mg/cm2 
kndicating a lack OF oxide adherence. The a l l o y  formed a t h i n  ,I protect ive  gray oxifle, but  a good por t ion of the  oxide spal led  
during cooling givibg the  sample a speckled appearance. , 
I ,--- - - - -- . -- .- - 

1 The Be-containing a l l o y  and the  high-chromium (35%), 
. 

high-A1 (7 -5%) version (M3) of the  base a l l o y  were qu ' t e  s i m i l a r .  
F3 had a t o t a l  weig t gain of 12.1 and M3, 15.4 mg/cm2--as com- 
pared t o  24.0 mg/cmlf f o r  the  base composition. However, the  
protect ive  oxide was not very adherent and appreciable s p a l l i n  
occurred, r e su l t i ng  i n  sample weight losses of 6.9 and 10.7 mg 7 cm2. 



Comparison of both the  t o t a l  and sample weight changes 
i n  F i ~ r e s  3 gpcj 4 provides some ins igh t  i n t o  the  oxidation behavior 
,of 1- - the  i a r i o u s  a l l i i i s .  it-is - d i f f i f G l t  , perhaps dangerous, t o  . - 
\general ize fo r  a l l  of the  a l loys  studied s ince  the  da ta  can be 
/ in£ luenced by severa l  competing f ac to r s  (spal l ing,  vaporization, 
! in te rna l  I oxidation, e t c . ) .  Obviously, the  t o t a l  weight gain must 
Ibe always pos i t ive  and equal t o  or  g rea t e r  than the  sample weight 
change. The sample weight change can be pos i t ive  or  negative and 
!is general ly a measure of the  spa l l ing  tendency of the  a l loy .  A 
i 
(posi t ive  sample weight change i s  ind ica t ive  of an adherent oxide 
jlayer. On the  other  hand, a la rge  negative weight gain indicates  
! l i t t l e  or  no sca le  adherence and, normally, high t o t a l  weight gain 
because meta l l ic  surface i s  cont inual ly  presented t o  the  environ- 
Iment . Alloys which exh ib i t  high pos i t ive  t o t a l  and sample weight 
igains can be suspected t o  undergo in t e rna l  oxidation. 

Weight change data  a r e  p lo t ted  only fo r  se lec ted a l loys  
i n  Figures3 and 4 because of a s i m i l a r i t y  of the  data  fo r  many 
of the  a l loys .  Thus, the  curves f o r  the  base a l l o y  (Fl) are a l s o  
representa t ive  of a l loys  F 5  (Mg), F13 ( ~ e ) ,  h d ,  with minor d i f f e r -  
ences, M3 (Fe-35Cr-7.5A1). Similarly,  F3 (Be) a l so  represents  F11 
(Ta), the  F2 (Y) curves a r e  very s i m i l a r  t o  F7 (Th), and F10 (Hf) 
i s  a l so  general ly representa t ive  of F9 (Zr). 

I Alloys F2, F3, F8, F9, and F10 a l l  indicate  approximately 
parabol ic  oxidation r a t e s  and adherent oxide layers,  although F8 
{does show minor spa l l ing  a f t e r  about 60 hr .  The higher weight - A-- - 
/ga ins  f o r  F9 and F10 ind ica te  e i t h e r  more rapid growth of the oxide 
layer  o r  i n t e rna l  oxidation, o r  both. Thus, the  oxides developed 
on a l loys  containing Hf and Z r  may have a higher oxygen mobility than 

I 
al loys  containing Y ,  T i ,  and Th,or more cracks i n  the  scale .  

w 
- i - 

,-. . 
i The samplr; weight change f o r  F5 (Ce) i s  a c l a s s i c '  example I 
bf oxidation behavior f o r  many materials  which form s o l i d  oxides. 
i n i t i a l l y ,  a protecpive oxide i s  formed which increases i n  thick- 

ess  u n t i l  the  oxide can no longer accoqmodate the  s t r e s s  developed by oxide growth. AL t h i s  point ,  spa l l ihg  begins and the  sample 
height  1 change becombs negative wi th  fu r the r  exposure. This curve 
keneral ly appl ies  t b  most of the  a l l oys j t e s t ed ,  but  the  time sca le  
bar ies  widely f o r  the various compositions because the  r a t e  of oxide 
growth i s  s ign i f  i cab t  l y  d i f f e r en t  . 

I 

1 Alloy F6 / ( ~ a )  i s  the  only composition which exh ib i t s  a 
l i n e a r  oxidat ion r a k e - - ~ v e - r - t h e ~ - ~ ~ - - h ~ - - - e x p o s ~ ~ e - ~ - - ~ h e -  oxide 
was adherent, a s  evidenced by a pos i t i ve  sample weight change. 
Thus, it appears t h a t  F6 may have been subject  t o  rapid i n t e r n a l  
oxidation, -possibly by a shor t  c i r c u i t  d i f fus ion  process. The 
g ra in  boundary p rec ip i t a t e  found i n  t h i s  mater ia l  may have provided 
a means fo r  rapid,  i n t e r n a l  d i f fus ion  of oxygen. I f  t h i s  was the 
case, a s imi la r  s i t u a t i o n  may have a l s o  been operat ive i n  a l l oy  F5 ( ~ e ) .  



1 One other  f ac to r  i s  evident i n  Figure 3. The sharp 
[break i n  the  t o t a l  weight gain curve a t  20 h r  f o r  a l loys  F l  an 
! ~ 5  I indicates  a s e n s i t i v i t y  of these and s imi la r  a l loys  t o  the  
, r a t e  of cycling. These a l loys  show a more rapid  oxidation durlng 
ithe f i r s t  20 hr ,  which consisted of 2 h r  cycles,  than during the  
120 h r  cycles subsequently employed. Alloys which had the bes t  
;oxidation res i s tance  do not show a s imi la r  e f f e c t .  
l 

tb. N i -Cr -A1  Alloys 

The oxidation da t a  f o r  the  Task I N i - C r - A 1  a l loys  and 
the TD N i C r  con t ro l  sample are summarized i n  Table 6. The t o t a l  -- - -- - - 

+eight and sample weight changes f o r  se lec ted a l loys  a r e  p lo t ted  
; i n  Figures 5 and 6 .  I n  general,  these a l loys  were not  a s  oxida- 

I t i o n  r e s i s t a n t  a s  the  Fe-Cr-A1 compositions. 
I 

1 Two ternary  N i - C r - A 1  a l loys  were invest igated:  N i - 1 6 C r -  
:5A1 and, the  base composition fo r  al loying addit ions,  Ni-20Cr-5A1. 
(During the  i n i t i a l  2 h r  of oxidation, both a l loys  formed a very 
; th in  white oxide which gent ly  flaked off  the  specimens leaving 
ithe bare metal exposed. This oxide presumably was alumina-rich. 
Fddi t ional  oxidation layers  were a l so  present  which p a r t i a l l y  
:spalled during the  cooling cycle r e su l t i ng  i n  a spo t ty  appearance. 
?he secondary oxide spal led  a s  small pieces,  r a the r  than large  
:flakes. The lack of oxide adherence is  r e f l ec t ed  i n  the  weight 
ichange da ta  whi h show a sample weight loss  a f t e r  100 h r  of -24.5 5 ;and -21.1 mg/cm f o r  NA1 and NA2, respec t iv  ly .  The t o t a l  weight 
;gains a f t e r  100 h r  were 17.0 and 14.8 mg/cm5 fo r  NA1 and NA2, r e s -  
pect ively ,  indicat ing t h a t  the  higher C r  a l l oy  had s l i g h t l y  b e t t e r  
pxidat ion res i s tance .  

I 

The addit--of -m-+4k-and-3-f--@-kks>--had-~~o--apparent 
i f f e c t  on the  oxidapion behavior of t he  Ni-20Cr-5Al base a l loy.  
F f t e r  100 hr ,  NA4 showed a t o t a l  weig t gain of 15.0 mg/cm2 and 4 9 sample weight chap e of -21.0 mg/cm, as  compared t o  values of 
$4.8 and -21.1 mg/cm5 f o r  the  base a l loy.  The corresponding values 
bor NAlO were 15.8 hnd -24.3 rng/cm2. 

I I 
I 

Addition bf T i  (NA8), Ge ( N A ~ ) ,  and Be (NA12) appeared 
ko have a s l i g h t l y  e t r imenta l  e f f e c t  on 2300°F cyc l ic  oxidation 
res i s tance .  The ma roscopic behavior of these a l loys  w a s  i den t i ca l  
t o  the  base; a f t e r  the  f i r s t  few cycles a greenish-black oxide 
Formed which spa l l ea  on cooling. On the  bas is  of t o t a l  weight gain, 
the  oxidation resiskanee--+£-these--~-~qos%ti,lrls -was s-1-i-ght-l-y l e s s  
khan t h a t  of NA2. 
b 

Additions of 0.25 a/o Y (NA3) and L a  (NA6) produced s ig -  
n i f i c a n t  changes i n  the oxidation behavior of Ni-20Cr-5A1. During 
the  f i r s t  oxidation cycle,  these a l loys  formed adherent greenish- / 
gray oxides. As the  exposure t i m e  increased, the  specimens remaiped 
green, but f i n e  b r igh t  spots  developed. The oxides were reason b ly  1 w 

~ d h e r e n t  as  shown by sample weight change values of +7.40 mg/cm w 



ifor I the  Y-containing a l l o y  and -0.36 mg/cm2 f o r  the  La modif ica-  1 
ition. However, the  t o t a l  weight gain of 19.1 and 23.3 mg/cm2 
;greater  than t h a t  of the  base a l l oy  a f t e r  100 hr .  It i s  qu i te  
ipossible, however, t h a t  Y and/or La might be more e f f ec t ive  a t  
; l eve l s  other  than 0.25 a/o. 
I 
I The most e f f ec t ive  addi t ion (at  the  0.25 a /o  l eve l )  f o r  
/improving the  oxidation res i s tance  of ~ i - 2 0 ~ r - 5 ~ 1  w a s  horium. 
i ~ h i s  a l l oy  (NA7) had a t o t a l  wei h t  gain  of 6.08 mg/cm5 and a 
isample weight change of -4.69 mg 7 cm2 a f t e r  1 0 hr ,  as  compared t o  9 'corresponding values of 14.8 and -21.1 mg/cm fo r  the  base com- . An adherent, l i g h t  gray-green oxide was formed i n  the  
i n i t i a l  s tages  of the  oxidation t e s t .  A s  the  exposure time in-  I p o s i t  [creased, b r igh t  spots  were developed on the  green oxide, although 
it  was not c l e a r  i f  t h i s  represented exposed base metal o r  another 
;oxide. 
I 

Hafnium was a l so  e f f ec t ive  i n  increasing the  oxidation 
lresistance of Ni-20Cr-5A1, although not t o  the  same extent  a s  
!thorium. The weight change value was about hal f  t h a t  of the 
i ~ i - 2 0 ~ r - 5 ~ 1  base composition. However, t h i s  a l l o y  a l so  exhibi ted 
ispalling, as  indicated by a sample weight loss  of 15.5 mg/cm2. 

I The oxidation da t a  obtained f o r  the  TD N i C r  samples 
lare a l s o  included - -- i n  Table 6 .  This material formed a th in ,  ad-- 
;herent,  greenish-black oxide which showed o n l y a i n o r  amount- 
Ispalling espec ia l ly  i n  the  l a t e r  s tages  of exposure. The t o t a l  
iweight gain of 2.90 mg/cm2 a f t e r  100 h r  was the  lowest of any 
/nickel-base mater ia l  t e s ted .  
I 

Weight change da t a  i n  Figures 5 and 6 a r e  p lo t t ed  only 
f o r  s e  l ec  t ed  all0ys7becau~8-0T a - ~ I m l f a f I ~ B - ~ - e ~ - e a r v ~ ~  f o r  many 
of the  a l loys .  ~ h d s ,  the  p l o t s  of NA1, NA2, and NAl2 (Be) ,  
general ly represent; a group a l s o  consis t ing of NA4 (Mg), NA8 (Ti), 
/NA10 (Si) , and NAlQ (Ge) . I n  con t ras t  t o  Fe-Cr-A1 a l loys ,  only 
INA3 (Y) and weight changes during 
\any por t ion these a l loys  a l s o  
 exhibited the  NA6 i l l u s t r a t e s  
; increasing the  r e s u l t s  show 
ithat i n  no case layer  formed on any 
jof the  N i - C r - A 1  
I 

I 

The samp weight change curves i n  Figure 6 a l s o  indicate  4 ;some s e n s i t i v i t y  on *he-part of some -alloys-to--cyc2img--rate, as  
;shown by the  change i n  slope a f t e r  20 hr .  Furthermore, wi th  the  
:exception of NA3 and NA6, the  surface weight loss  f o r  a l l  a l loys  
is  approximately twice the  t o t a l  weight gain. 

I I - _T_D N&_Cr exhibited- the lowest t o t a l  weight gain of any of 
I -- - .- 
:the N i - C r  a l loys .  Thus, aluminum had no apparent influence on the  
" ~ i - ~ r  a l loys  i n  the  2300°F furnace t e s t .  It i s  i n t e r e s t i ng  t h a t  
the  two most oxidat ion-res is tant  N i - C r  a l loys  contained thorium 
--  -- -- --" ---- - - - - - -- - - -- 



{ a s  e i t h e r  the  metal (NA7) o r  as the oxide (TD NiCr). The oxidation 
I perfo~mance of the  TD N i C r  a l l oy  was very good i n  Qe s t a t i c  tes t o  
1 However, t h i s  mater ia l  had much poorer oxidation res i s tance  i n  the  

dynamic environment of the  torch t e s t ,  as w i l l  be s h m  i n  Section 
I 111-A-4. 
1 

Ic. Ni-Cr-Ta Allovs 

A summary of the  weight change data  a t  20 h r  i n t e rva l s  
f o r  the  28 Ni-Cr-Ta a l loys  during cyc l i c  furnace oxidation a t  
I230O0F I i s  given i n  Table 7. The t o t a l  and sample weight changes a r e  
/p lo t ted  fo r  se lec ted a l loys  i n  Figures 7 through 9. 

None of the Ni-Cr-Ta a l loys  approached the  preselected 
c r i t e r i o n  of 11 mg/cm2 t o t a l  weight gain i n  100 h r .  Visually,  a1 1 
of the  a l loys  developed a f a i r l y  thick,  brownish green oxide whi - 

~ ~ p a l l e d  extensiveiy compared t o  N i - C r  -A1 a l loys .  Tke increments 
of weight gain and change increased wi th  increasing exposure time 
; in  the  i n i t i a l  20 h r  period. This probably was the  r e s u l t  of a 
:combination of spa l l ing  of the  oxide and deplet ion of chromium 
;from the  underlying meta l l ic  layer .  The ove ra l l  r e s u l t  was t h a t  
; t h i s  group of a l loys  showed high t o t a l  weight gains,  large  nega- 
Itive sample weight loss ,  and (as w i l l  be shown i n  Section 111-6-b) 
:extensive metal loss  and i n t e r n a l  a t t ack .  A l l  A 1  03 crucibles  
used fo r  Ni-Cr-Ta a l loys  showed a greenish-brown 2eposi t  on the  
i n t e r i o r  walls  indicat ing the  formation of v o l a t i l e  oxidation 
'products. 

I The oxidation da ta  i n  Table 7 a l so  showed t h a t  a l loys  
NT14 (Ni-35Cr-15Ta) and NT18 (Ni-4OCr-15Ta) melted during exposure 
lat 2300°F. The minimum melting points  i n  the  Ni-Ta d Cr-Ta 
binary  s ys tems have- b-een--reported- -t-o be-- a b u t  - 246Be(z7 and 3 0 6 0 0 ~  $5) 
lrespective ly  . Thus!, the  r e s u l t s  ind ica te  t h a t  a ternary  eu t ec t i c  
[ex i s t s  i n  the  Ni-Cri-Ta system with  the  approximate composition 
/Ni-40Cr-20Ta. 
I 

I n  the  Nit-Cr-Ta ternary  a l loys ,  increas ing tantalum con- 
cen t r a t i on  i n  the  rlange of 5-15 w/o decreased the  oxidation r e s i s -  
'tance i n  a l loys  containing 20 t o  40 w/o C r .  This i s  shown i n  
Figure 7 i n  terms olf the  t o t a l  weight gain. Table 7 a l so  indicates  
a s imi la r  e f f e c t  on the  sample weight change. It is  possible t h a t  
Ta i s  only bene f i c i a l  a t  lower temperature, o r  i s  not e f f ec t ive  i n  
a simple N i - C r  matrix. However, i t  has been shown tha t  Ta is  benefi-  
c i a l  i n  reducing oxidation of Fe-25Cr-4A1 a l loys  a t  2300°F. 

Chromium, as expected, had a slgnlficanr; efkecr; on r;ne 
oxidation res i s tance .  Figure 7 shows t h a t  increasing the  chromium 
from 20 t o  25 w/o s i g n i f i c a n t l y  reduces the  t o t a l  weight gain, 
e spec i a l l y  i n  a l loys  containing 5 and 10 w/o Ta. The weight gain 
curves a l so  ind ica te  t h a t  a s i t u a t i o n  e x i s t s  a t  5 and 10 w/o tan- 
talum s imi la r  t o  t h a t  observed i n  t h e  N i - C r  binary system. Weight 
gain decreases wi th  chromium concentration t o  25 w/o followed hv 

- - -- - - - - - - - - -  - 



; l i t t l e  change i n  oxidation i n  behavior a t  25 t o  35 w/o C r .  Finaqly, 
; an  increase i n  weight gain occurs a t  40 w/o Ta. I n  the  N i - C r  
Ibinary, the  t h i r d  phase i s  r e l a t ed  t o  the  formation of a Cr-rich 
Iphase when the  s o l u b i l i t y  l i m i t  i s  exceeded. It i s  poss ible  t h a t  
a similar s i t u a t i o n  i s  operat ive i n  the  N i - C r - T a  system. 

I , The e f f e c t s  of 0.25 a/o addi t ions  on the  t o t a l  weight 
igain and sample weight change of se lec ted Ni-25Cr-1OTa base a l loys  
a r e  shown i n  Figures 8 and 9. Data f o r  Ni-25Cr-5Ta and Ni-25Cr- 

ilOTa a re  included fo r  comparison. Alth ugh none of the  addit ions 
lproduced a l loys  wi th  l e s s  than 11 mg/cm9 t o t a l  weight gain i n  
I 1100 hr ,  s ignif icance di f ferences  were measured f o r  some of the  
l addi t ions .  Addition of 0.25 a/o Y (NT14), La (NT23), and Th (NT24) 
;reduced both the  t o t a l  weight gain and the  sample weight change 
:of  Ni-25Cr-1OTa t o  about the  values measured f o r  Ni-25Cr-5Ta. 
'Additions of S i  and Ge reduced the  oxidation r a t e  marginally and 
: a r e  represented by the  weight change curve f o r  the  germanium addi- 
h t i o n  (NT29). Alloy addit ions which had no s ign i f i can t  e f f e c t  
' included M g ,  Z r ,  and Hf. These a l loys  a r e  represented by the  
,weight change curves of NT29 (Mg). The only addit ion which caused 
( increased oxidation r a t e  was cerium; the  a l l o y  (NT22) was com- 

I 
p l e t e l y  converted t o  oxide i n  60 hr .  

, It i s  in t e r e s t i ng  t h a t  the  addit ions Y, Thy and La which 
,have the  most pronounced e f f e c t  on ~ii2OCr-1OTa a l so  exhibi ted 
( s imi la r  e f f e c t s  i n  N i - C r - A 1  a l loys .  However, i n  the  N i - C r - A 1  
, a l loys  only Th was benef ic ia l ,  s ince  Y and La caused higher t o t a l  
iweight gains than the  base a l loy.  The oxidation r e s u l t s  obtained 
Ion Ni-Cr-Ta a l loys  demonstrated t h a t  these a l loys  were not pro- 
;mising fo r  2300°F service  i n  comparison t o  modified Fe-Cr-A1 and 
N i - C r - A 1  systems. Further e f f o r t  on t h i s  system was therefore  

,--- -- - 
:discontinued. 
I t 

j3. Oxidation Evaldation of Modified Alloys 
: 
1 

I Oxidatiorf screening t e s t s  a t  2300°F indicated t h a t  the  
lmost promising a l lqys  f o r  fu r ther  evaluat ion consisted of (1) Y, 
'Thy T i ,  Hf, and Ta ,additions t o  the Fe-Cr-A1 system, and (2) Th 
I and Hf addi t ions  t d  the  N i - C r - A 1  system. A 1 of these a l loys  met h the  i n i t i a l  c r i t e r aon  of l e s s  than 11 mg/cm t o t a l  weight gain i n  
100 h r  a t  2300°F. Consequently, se lec t ion  of the  11 planned modifi- 
'cations of Task I a l loys ,  wi th  one exception, were based on these 
a l loy  sys terns,, (see Table 8) . Since no tantalum addi t ion was made 
to  the  N i - C r - A 1  system i n  Task I, one Ta-modified a l l oy  i n  t h i s  sys - , 
tern was a l so  se lected f o r  evaluation. 

- - - -  - - 

The se lec t ion  of the  l eve l  of addi t ion f o r  2 a s ~  I modi- 
lfied a l loys  was a l so  based on metallography and bend t e s t s  and of 
Task I a l loys  (as described i n  Section 111-A-6). Bend t e s t  r e s u l t s  
,revealed t h a t  the  only Fe-Cr-A1 a l loys  which were duc t i l e  a f t e r  
kxposure were those containing Ta and Hf. Both of the  bes t  Ni-base 
a l l oys  were duc t i l e  a£ t e r  exposure. Metallography indicated t h a t  
- - ---- - -  - - - -. - - - - - -  -- - -  . - -  - - -. 



the  r a t e  of s ca l e  formation and i n t e r n a l  oxidation was excessive I 
i n  the  Hf and Th modifications of both Fe-Cr-A1 and N i - C r - A 1  a l loys .  
Consequently, i t  was apparant t ha t  lower concentration of these 

I elements would be benef ic ia l .  

The nominal compositions of modified Task I a l loys  a r e  
/l i&edd i n  Table 8. Alloy composttions were se lected based on the  
/above c r i t e r i a  and wi th  the  object ive  of defining the  in£ luence of 
varying the  l e v e l  of addi t ion f o r  the most oxidat ion-res is tant  i-- 

I 
systems. A s  a r e s u l t ,  two modifications each of the  bes t  Fe-Cr-A1 
compositions were made wi th  Y ,  Ta, and Ti .  One a l loy ,  containing 12 
! less  than 0.25 a/o addi t ion of Hf and Ta, was se lected i n  both 
!the Fe-Cr-A1 and Ni-Cr-Ta system. The remaining a l loy  was N i - C r - A 1  
/modified wi th  1.0 a /o  Ta. 
I Modified Task I a l loys  were arc-melted and fabr ica ted 
as described previously (Section 111-A-1). A l l  of the  a l loys  were 
arc-melted a t  I I T R I ;  the  weight losses of the  100 g ingots  during 
melting a r e  summarized i n  Table 9. None of the  a l loys  exhibi ted 
pe igh t  losses g rea te r  than 1%. No d i f f i c u l t i e s  w e r e  encountered 
Yduring hot ro l l ina ,and good qua l i ty  sheet  mater ia l  was obtained 
f o r  a l l  of the a l loys .  Following hot ro l l i ng ,  the  a l loys  w e r e  
annealed, surface  ground, and polished through 600 g r i t  paper as  
/previously described. 

Weight change da t a  f o r  modified Task I a l loys  during 
cyc l i c  furnace oxidat ion t e s t i n g  a t  2300°F are summarized i n  
Table 10. Weight change da t a  f o r  modified Task I a l loys  are 
p lo t ted  i n  Figures 10 through 14. Samples of 'I'D N i  and TD N i C r  1 ere a l so  exposed f o r  comparison wi th  i n  the  cladding a l loys .  
/The specimen geometry, t es  t ing  technique, and evaluat ion methods 
pe re  i d e n t i c a l  to  t TI A-2. 
I 1 J I  

exception of NA15 (1. Ta) , 
11 mg/cm2. The t o t a  1 weight 
ere q u i t e  s imi la r  to  the  
I. Thus, T a  addit ions 

oys, a t  l e a s t  a t  lodv  
/concentrations. 
I I I 
I 

I Total  we&ht gain and sample weight change f o r  ~ e k r - ~ l  
a l l o y s  a r e  p lo t ted  'in Figures 10 and 11, respectively.  I n  khe 
IFe-base system, the  highest  oxidation r a t e s  occurred f o r  addit ior  
lo£ 0.5Ta (F19 and 1 . 7 5 T a - - @ l ~ )  w/n. T h s e L L l a y s w ~ i  the 
only Fe-Cr-A1 systems which exhibi ted s ign i f i can t  spa l l i ng  as  I 

indicated by a sample weight loss .  Alloys F14 (0.25Y), F15 (0.15bi), 
F16 (0.5Ti) ,FEB08 (0.5ThX and F21 (0.65Y) a l l  exhibi ted thin,  
adherent oxides. Tota l  and sample weight gains f o r  these a l loys  
/were between 2.5 and 3.5 mg/cm2 and 1.3 and 2.5 m /cm2, respectively.  
,The weight gains of the  a l loy  modified wi th  0.5 @ o Hf (F17) were 

I 

7 
labout 4.5 rng/cm2. Thus, reduction of the  Th and Hf concentration 



was e f f ec t ive  i n  s ign i f i can t ly  reducing the  weight gain, whereas 
var ia t ion  of -Y and T i  r esu l ted  i n  very l i t t l e  change from the 
0.25 a /o  addit ion.  

Tota l  and sample weight changes f o r  the three  Ni-base 
a l loys  during cyc l i c  furnace oxidation a t  2300°F are plot ted  i n  

' 

 figures 12 and 13, reppectively. Data f o r  TD N i  and TD N i C r  a r e  
included f o r  comparison. A l l  of these a l loys ,  except TD N I ,  had 
a tendency t o  s p a l l ,  r e su l t i ng  i n  sample w e i  h t  losses.  However, 
the  t o t a l  weight gain of 3.46 and 2.31 mg/cm5 f o r  NA13 (0.5Th) 
and TD N i C r  was comparable t o  the  bes t  Fe-Cr-A1 a l loys .  The a l l a y  
/with 0.6 w/o Hf (NA14) was s l i g h t l y  l e s s  oxidat ion-resis  t an t  than 
iNA13. Addition of 1.OTa (NA15) resul ted  i n  an oxidation r a t e  
/ s imi lar  to  the  Ni-20Cr-5A1 a l loy .  TD N i  had a t o t a l  and sample 
peight  gain of about 31 mg/cm2, indicat ing tha t  the  oxide was 
/adherent although l imited i n  protect ive  capabi l i ty .  
I 

i" . Torch Oxidation Test 

The cyc l ic  furnace oxidation t e s t  indicated t h a t  some 
of the  Task I a l loys  were s e n s i t i v e  t o  the cycling r a t e .  I n  order 
t o  evaluate the influence of cyc l i c  conditions and higher gas flow 
ra t e s ,  s i x  of the  Task I modified a l loys  were exposed f o r  20 cycles 
i n  ana i r -na tura l  gas torch flame a t  2300°F f o r  a t o t a l  exposure of 
100 hr .  

The a l loys  se lec ted  f o r  torch oxidation included one 
a l l oy  of each of the  modified sys tems . Thus, the  Fe-Cr-A1 a l loys  
evaluated included F14 (0.25Y), F15 (0.23Th), F17 (0.5Hf), F18 
(1.25Ta), and F20 (0.5Th). I n  addit ion,  the most oxidation- 
lresis t an t  nickel-base a l loy,  NA13 (0.5Th), was a l so  evaluated. i~ N i  and TD N i C r  s 
ition behavior wi th  
I 

1 the torch t e s t  were 1.0 x 0.5 x 9.060 in .  
i n  Figu e 14\. Two oxidation speci -  

a cav i ty  c u t  i n  an A1203 insu la t ing  re f rac tory  
flame of two a i r -na  u r a l  gas torches impinged on i 
i n .  surfaces of ea+h sample. The gas flow r a t e s  

a i r ,  although! add i t iona l  a i r  was ingested 
were cu t  a t  the  r e a r  of the sampte 

f o r  the combustion gases. This was 
intended to  minimiz a t i on  a t  the  sample surface.  The'expo- 
pure temperature wa a l l y  cont;rs11ed a t  2 2 6 0 " ~  wi th  _an_>p t i c a l  

E 
yrometer. A 2 2 5 0 " ~  o p t i c a l  temperature compares to  a t rue  tem- 
e r a tu re  of 2300°F assuming an emittance of 0.7, which i s  typ ica l  
o r  many oxides. During the torch t e s t ,  the  exposure temperature 

bas normally maintained a t  about + 2 5 " ~  over the flame impingement - 
~ u r f a c e .  

The approximate heat ing and cooling r a t e s  during thermal 
cycling a r e  shown i n  Figure 15. These da t a  were obtained by mounting 
~ - . ~ _ t ~ l 3 ~ ~ 0 n t - a m L b a c k s u f  ace- -o~-TD--N~ 



and monitoring the  surface temperature during heating and cooling. 
The cooling r a t e  shown i n  Figure 15 i s  s l i g h t l y  f a s t e r  than t h a t  
obtained during the  cyc l i c  torch t e s t  s ince  it represents  cooling 
augmented by the  a i r  b l a s t  a f t e r  stopping the  flow of na tu ra l  gas. 
Thus, the  cooling during to rch  t e s t i n g  was approximately 2 min 
longer than t h a t  shown i n  Figure 15. However, t h i s  was s t i l l  much 
f a s t e r  than the  cooling r a t e  during cyc l i c  furnace t e s t i ng .  

The cycling conditions f o r  torch t e s t s  were s imi la r  t o  
those used f o r  furnace t e s t s .  Samples were cycled every 2 hr  f o r  
the  f i r s t  20 hr ,  followed by 8-hr cycles t o  100 h r  wi th  the  sample 
weights measured a f t e r  each cycle.  Thus, the  only di f ference  from 
furnace tests w a s  the  subs t i t u t i on  of 8 h r  cycles f o r  the  20 h r  
'cycles used i n  furnace t e s t s .  Only sample weight change data  were 
obtained i n  the  torch t e s t  s ince  the  spal led  oxide could not be 
re ta ined  f o r  t o t a l  weight gain measurements. 

The weight changes of the  various a l loys  a t  se lec ted 
in t e rva l s  during torch t e s t i n g  a r e  summarized i n  Table 11 and 
p lo t ted  i n  Figure 16. Sample weight changes i n  Table 11 a re  
ca lcula ted using both the  t o t a l  and the  flame impingement area  
a s  the  e f f ec t ive  surface area .  Although the  exposure temperature 
,of the  flame impingement and back of the  sample was reasonably 
c lose ,  as shown by Figure 15, the  oxidation environment w a s  ob- 
viously d i f f e r en t .  However, metallography did  show oxidation a t  
both surfaces f o r  a l l  of the  a l loys  so t h a t  the  e f f ec t ive  exposure 
area was probably reasonably represented by the  t o t a l  sample surface.  

Weight change during cyc l i c  torch t e s t i n g  is  p lo t t ed  i n  
Figure 16, using the  da t a  f o r  t o t a l  surface  area.  Major deviat ion 
from cyc l i c  furnace oxidation e x i s t s  only fo r  TD N i  and TD N i C r .  
I n  con t ras t  t o  furnace t e s t s  i n  which TD N i C r  had one of the- lowest 
oxidation ea tes ,  t h i s  mater ia l  had the  poorest oxidation res i s tance  
i n  cyc l ic  torch t e s t s .  TD N i  a l s o  had a g rea te r  tendency f o r  
spa l l ing  of the oxide i n  comparison t o  furnace t e s t s  r e su l t i ng  i n  
the  discontinuous curve shown i n  Figure 16. The major d i f ference  
i n  the  da ta  fo r  TD and TD N i C r  may have been due to  g rea te r  oxide 
adherence on TD N i ,  although the r a t e  of metal recession may have 
been  s i y i l a r  . - - - - 

Weight change da ta  fo r  the  Fe-Cr-A1 a l loys  ana NA13 were 
cons i s ten t  wi th  the  sample weight change during furnace oxidation 
kxposure. A s  i n  furnace t e s t s ,  F14, F15, F17 and F20 had small 
beight  gains,  whereas FL8 and NA13 exhibi ted s m a l l  we5ght losses.  
Thus, the  cladding a l loys  were not  suscept ib le  t o  accelerated 
a t t a c k  i n  the  to rch  t e s t .  P 



I 
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5. Sulf idat ion Test 

Nickel-base supgralloys wi th  chromium concentrations 
below about 12 w/o a r e  subject  t o  su l f i da t ion  corrosion i n  en- 
vironments containing sodium s u l f a t e .  A l imited inves t i ga t ion  
was conducted t o  ind ica te  the  res i s tance  of modified Task I 
a l loys  t o  such a t t ack .  Current da t a  i n  the l i t e r a t u r e  on t h i s  
phenomenon general ly ind ica te  t h a t  high-chromium nickel-bas e 
a l loys  and iron-base a l loys  a r e  not  suscept ib le  to  a t t ack  by 
Sodium s u l f a t e  environment. However, an e f f o r t  was made i n  t h i s  
program t o  ver i fy  these conclusions. 

Ef for t  t o  determine the  su l f i da t ion  res i s tance  of a l loys  
i n  t h i s  program was intended only t o  obta in  preliminary corrosion 
data .  Accordingly, a l loys  were exposed i n  a laboratory test a t  
1 6 5 0 ' ~  f o r  20 h r .  The t e s t  consisted of suspending preoxidized 
t e s t  samples held over a bath of molten sodium s u l f a t e .  It was 
hoped t h a t  t h i s  would r e s u l t  i n  a ref luxing ac t ion  and a con- 
tinued supply of condensed sodium s u l f a t e .  It was found, how- 
ever,  t ha t  nucleat ion of l iqu id  sodium s u l f a t e  on the sample 
surface  was d i f f i c u l t  t o  con t ro l .  Consequently, a modified 
technique consis t ing of pre-immersion of the  samples i n  l iquid  
sodium s u l f a t e  was a l s o  attempted. 

Samples fo r  su l f i da t ion  evaluat ion were prepared i n  the 
same manner as the oxidation samples (described i n  the preceding 
sec t ion) .  The compositions se lected f o r  evaluat ion included 
four iron-base a l loys ,  F14, F15, F17, and F20 and the  n icke l -  
base a l loy  NA13. Samples of TD N i  and TD N i C r  were a l so  evaluated. 

I Pr io r  to  su l f i da t ion  exposure, the  samples were oxidized a t  1 8 0 0 ' ~  
i n  a i r  fo r  2 h r .  This treatment resul ted  only i n  s i gh t  d i s -  1 colora t ion and weight gains of l e s s  than 0.06 mg/cm f o r  the 
iron-base a l loy  NA13, and TD N i C r .  TD N i  had a weight gain of 

- - 
9 about 0.5 mg/cm . - -- 

I n  the  f i r s t  su l f i da t ion  t e s t ,  the  t e s t  samples were 
suspended i n  a v e r t i c a l  tube furnace a t  1 6 5 0 " ~  + 1 0 " ~  above a 

1 molten sodium s u l f a t e  ba th  held a t  1 7 0 0 " ~  + 10°F. TD N i  and 
TD N i C r  were not  exposed i n  the  i n i t i a l  tert. The samples were 
removed a f t e r  20 h r  of exposure f o r  v isual  examination on weigh- 
ing. A 1 1  of the  cladding a l loys  exhibited only s l i g h t  d iscolora-  

I t ion ,  and no evid2nce of condensed s a l t  was v i s ib l e .  The weight 
changes f o r  a l l  f i v e  of the  cladding a l l oyswere l e s s  than 0 .5  m e; (0.06 mg/cm2) which- was wi thin  the  accuracy of the-balance. T us,  
the  f a c t  t ha t  no apparent a t t ack  was evident on any of the a l loys  
may have been a t t r i b u t a b l e  t o  the  absence of condensed s a l t .  

I Accordingly, a second t e s t  was conducted i n  which the 
samples were immersed i n  the  s a l t  before suspension over the 
molten bath  as  previously. Test  samples of TD N i  and TD Nice 
w e r e  included i n  t h i s  t e s t .  Again, t e s t  samples were removed 
a f t e r  20 hr a t  1650°F f o r  v i sua l  examination and weight change 

- - -  -. - - - -- -- - - - -. - -. - - - 



measurements. The s a l t  deposit observed on the specimens a f t e r ,  
exposure was nonuniform i n  terms of coverage and had a yellow 
discoloration.  The s a l t  tended to  flow down the samples and 1 
was concentrated a t  the bottom of the samples. None of the all4ys 
tested showed macroscopic su l f ida t ion  at tack-- i .  e ,  , b l i s t e r s  o f ;  
oxide which could readily be detached from the base, Only the 
nickel-base al loys looked s l igh t ly  oxidized by the sulf idat ion j 
environment; the iron-base alloys had only a heat t i n t  on the 
surface. Since the oxides were adherent, the bulk of the s a l t  I 
deposit could be readily dissolved by water without influencing1 
the weight change re su l t s .  After washing i n  water, specimens 6 

were then given an addit ional  desalt ing treatment of 1800°F 1 

for 4 h r  i n  argon pr ior  to  weighing. 

The weight gains of the various alloys af t e r  the pre- 
immersion t e s t  were i n  the range of 0.1-0.2 mg/cm2 for  the Fe- 
base al loys and 1.4 for  TD N i .  Conversely, NA13 and TD N i C r  had 
weight losses of 0.31 and 0.58 mg/cm2, respectively,  Thus, no 
s ignif icant  a t tack  of any of the alloys occurred. This was 1 

verif ied by metallographic examination, as w i l l  be presented i n ,  
the following section. 1 

i 

The resu l t s  of sulf idat ion tes t ing  did not indicate  a$y 
strong suscept ib i l i ty  of any of the selected cladding alloys o r /  
TD N i  materials to sulf idat ion at tack.  This was not surprising1 
since iron-base alloys and high-chromium, nickel-base al loys I, 
a re  not normally susceptible to  a t tack.  Thus, only TD N i  could! 
be suspected to  be subject to  s igni f icant  corrosion. However, 1 

d i f f i c u l t i e s  with the refluxing t e s t  does indicate  that  the 
sulf idat ion res is tance obtained may be suspect. There i s  some 
question whether adequate - - condensation of vapor i s  readi ly  I obtained i n  th i s  t e s t .  It maylfe neceFs-ary To mdd-ify tfie? furnaqe 
design to  insure mucleation of l iquid sodium su l fa t e  on t e 9 I 
surface. This may not be adequately circumvented by pre-immersion, 
since i n  th is  case the film thickness may inh ib i t  oxygen from 
reaching the surfhce. Care must be tqken to  insure a balanced 
supply of condensed vapor and oxygen a t  the sample surface i n  , 
order to  provide an acceptable laboratory screening t e s t ?  1 j 

6 .  Supplemental Evaluation 

Chemicak analps is- oT--2-3 Tzlskk-T -and---m0d-i-fi-ed-Task I a1 loys 
was conducted to  verify the nominal analysis of selected al loys 
A program requirement was that  al loys which exhibited greater  
than 1% weight loss during arc-melting required analysis.  Since 
th is  did not occur i n  any case, the select ion of Task I alloys *as 
a rb i t ra ry  and generally included the al loys with the best  oxida- 
t ion resistance.  A l l  of the 11 modified Task I alloys were 
analyzed. 



I Samples f o r  chemical analys is  were sectioned from the  
1 edges and ends of hot-rol led sheet  mater ia l .  Chemical analys is  

was conducted by two organizations, Charles C .  Kawin Company and 
W . A. Fahlbush Associates.  This was necessary because the  Charles 
C .  Kawin Company did not  have standard ana ly t i ca l  processes f o r  
hafnium and thorium. Consequently, a l loys  containing these 
elements were analyzed by W .  A. Fahlbush Associates.  The r e s u l t s  
of wet chemical analysis  of the 23 Task I and modified Task I 
a l loys  a r e  summarized i n  Table 12. 

Data i n  Table 12 represent  a reasonable co r r e l a t i on  
wi th  the  nominal analys is ,  although some deviat ions a r e  notable.  
The T a s k  -- - I r e s u l t s  from Kawin indicated - -  considerable devia t ion . 
i n  aluminum from the nominal analys is .  The major deviat ions were 
high values f o r  a l loys  F1 and NA2. A poss ible  explanation f o r  
t h i s  i s  the  tendency of aluminum t o  be concentrated a t  i t s  
surface  during hot r o l l i n g  a t  2150°F. Subsequently, samples f o r  
chemical analysis  were surface ground which resu l ted  i n  improved 
cor re la t ion  wi th  the  nominal composition. Thus, the deviat ion i n  
aluminum appeared to  be due t o  a combination of the  sampling 
technique and standard e r r o r  i n  the ana ly t i ca l  technique. 

The analyzed compositions of the addit ions do ind ica te  
a def inable  trend. Chemical analys is  of minor addit ions general ly 
showed t h a t  Hf, Z r ,  Th, and i n  some cases Ta were 0.05 t o  0.15 w/o 
lower than the nominal composition. This i s  probably due to  
ge t t e r ing  of oxygen from the  raw materials  during the arc-melting 
process. I n  con t ras t ,  the  analys is  of S i  and T i  addit ions 
indicated tha t  they w e r e  general ly near the  nominal composition. 

b .  Metallography I 
- - - - . -- - -- - -- -- - 

Metallographic examination of cladding a l loys  was con- 
ducted i n  t h i s  program. A l l  of the  a l loys  were examined i n  the 
as  -fabricated (hot - ro l led)  condition. During oxidation tes t s  , 
metallographic samples w e r e  sectioned from the  various a l loys  
a f t e r  se lec ted exposure periods f o r  determination of metal 
recession and oxide thickness.  A l l  of the  metallographic da ta  
generated w i l l  be presented i n  tabular  form. Obviously, pre- 
sen ta t ion  of the microstructures of the 78 d i f f e r e n t  a l loy  
compositions prepared i n  t h i s  program would be excessive. 
Consequently, photomicrographs and discuss ion of microstructures 
w i l l  be limited t o  representa t ive  a l loys .  

I . - -  

During the  100 h r  cyc l ic  furnace t e s t s  of Task I and 
modified Task I a l loys ,  metallographic samples were removed from 
one of the  oxidation samples a t  20, 60, and 100 hr of exposure a t  
2 3 0 0 " ~ .  Af ter these exposures, metallographic measurements were 
made to  determine the  metal recession r a t e s  and the  maximum depth 
of oxide penetrat ion.  Metal recession measurements were intended 
to  determine the  r a t e  a t  which gross oxidation progressed. This 
parameter was obtained by measurement of the metal remaining a f t e r  



ments was considered t o  be about 1 m i l  (0 .5  m i l  per s i d e ) ,  

Depth of oxide pene t ra t ion  measurements were int~ended t o  
d e f i n e  a d d i t i o n a l  aspects  of  exposure, such as  i n t e r n a l  and/or 
i n t e r g r a n u l a r  oxida t ion .  This parameter was a l s o  determined by 
measurement of  t h e  thickness  of metal  remaining without  loca l i zed  
i n t e r n a l  oxida t ion  o r  i n t e r g r a n u l a r  a t t a c k .  It w i l l  be seen 
t h a t  cons iderable  d i f f e r e n c e  can be obtained between metal  
r ecess ion  and depth of  pene t ra t ion  d a t a  i n  cases  of  gross  i n t e r n a l  
oxida t ion .  However, the  in f luence  of  i n t e r n a l  oxida t ion  on the 
o v e r a l l  oxida t ion  r e s i s t a n c e  of the  var ious a l l o y s  cannot be 
w e l l  e s t ab l i shed .  The presence of ex tens ive  i n t e r n a l  oxida t ion  
does n o t  n e c e s s a r i l y  r e s u l t  i n  d i s a s t r o u s  f a i l u r e ,  a s  w i l l  be 
seen f o r  some of  the  N i - C r - A 1  a l l o y s .  

Metal recess ion  and oxide pene t ra t ion  depth f o r  Task I 
Fe-Cr-A1 a l l o y s  during c y c l i c  furnace exposure a t  2300°F i s  
summarized i n  Table 13. Microstructures  of se lec ted  Fe-Gr-Al 
a l l o y s  as-hot  r o l l e d  and a f t e r  100 h r  a t  2300°F a r e  shown i n  
Figures  1 7  through Figure  22. Table 13 i n d i c a t e s  t h a t  t h e r e  i s  
a genera l  c o r r e l a t i o n  of metal  pene t ra t ion  w i t h  the  weight change 
d a t a  i n  Table 5 .  Metal recess ion  a f t e r  100 h r  of l e s s  than 1 
m i l  were obtained f o r  F2 (0.43Y), F7 (1.06Ta), F8 (0.25Ti),  
F11 (0.85Ta), and F13 ( 0 . 3 5 ~ e ) .  These a l l o y s  wi th  the  exception 
of F13, had the  lowest t o t a l  and sample weight changes. How- 
ever ,  the  oxide thickness  on a l l o y s  F7 and F11 were 4.9 and 
5.6 mils ,  r e spec t ive ly ,  and F13 had extens ive  i n t e r n a l  oxida t ion  
t o  a depth of 30 mils a f t e r  20 h r .  The remaining a l l o y s  had 
metal  recess ions  ranging from 1 .5  t o  0.38 mils obtained f o r  the 
Fe-25Cr-4A1 base a l l o y  (Fl )  . These compositions a l s o  exhib i ted  
extens ive  i n t e r n a l  oxida t ion  and/or p o r o s i t z  i n  most cases  t o  
a depth of  30 mils a f t e r  only 20 h r  a t  2300 F .  

The micros t ruc ture  of a l l o y  F1 as  ho t  r o l l e d  and a f t e r  
100 h r  a t  2300°F i s  shown i n  Figure  1 7 .  I n  F igure  17 and i n  the 
subsequent photomicrographs, t h e  ho t - ro l l ed  s t r u c t u r e s  a r e  etched, 
whi le  the  oxidized s t r u c t u r e s  a r e  unetched . The hot  - ro l l ed  
s t r u c t u r e  c o n s i s t s  simply of  very l a r g e  g ra ins  of t h e  f e r r i t e  
s o l i d  s o l u t i o n .  F i  
oxida t ion  and/or vo s of 
t h i s  a l l o y  a t  20 and 60 h r .  This photomicrograph i s  a l s o  t y p i c a l  
of the  micros t ruc tures  of  most of the  Fe-base a l l o y s  i n  Table 13 
which had metal  pene t ra t ion  of 30 mi l s .  The su r face  of t h i s  
sample r evea l s  the  absence of su r face  oxide and loca l i zed  p i t t i n g  
associa ted  wi th  subsurface oxide formation. The micros true treres 
of F2 (0.43Y) and F7 (1.06Th), shown i n  Figures  18 and 1 9 ,  respec-  
t i v e l y ,  show genera l  s i m i l a r i t i e s .  Both of the  a l l o y s  had a 
f i n e l y  dispersed p r e c i p i t a t e  i n  the  f e r r i t e  matr ix  i n  the as - ro l l ed  
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condit ion.  These prec ip i ta tes  a r e  apparently Fe-Y and Fe-Th 
in te rmeta l l i c  compounds. Samples exposed a t  2300°F f o r  100 h r  
both ind ica te  a  th in ,  adherent oxide a t  the  surface.  However, 
there  i s  a l s o  an apparent tendency toward in tergranular  oxidation 
a t  the surface r e su l t i ng  i n  r e l a t i v e l y  high oxide penetrat ion 
depths of about 4-5 mils.  

Figure 20, 
condit ion.  
though the 
spa l l ing .  

I n  con t ras t  t o  these a l loys ,  a l loy  F8 (0.43Y), shown i n  
i s  again a f e r r i t e  so l id  so lu t ion  i n  the  hot-rol led 
The oxidized sample has a  th in ,  adherent oxide a l -  

i n t e r f ace  i s  i r r egu la r ,  ind ica t ing  some tendency toward 
Furthermore, the  oxidized sample i n  Figure 20b shows 

a complete absence of e i t h e r  in tergranular  oxidation or  the 
extensive i n t e rna l  oxidation present i n  the Fe-25Cr-4A1 base 
a l loy .  

Figure 21 i l l u s t r a t e s  the  influence of 0.85Hf on the 
hot-rol led and oxidized s t ruc tures  of Fe-25Cr-4A1. The hot-  I 

ro l l ed  s t ruc tu re  a l so  contains a  dispersed p rec ip i t a t e ,  presumably 
an Fe-Hf compound. After  100 h r  of oxidation exposure, an 
adherent oxide i s  present,  but the oxide thickness i s  considerably 
grea te r  than tha t  observed i n  a l loys  containing Th, Y,  o r  T i .  
Furthermore, there  i s  apparently some tendency toward prec ip i  - 
t a t i on  of oxide pa r t i c l e s  beneath the  oxide layer ,  although 
they a r e  l imited i n  depth. 

Addition of 0.85Ta provides a s l i g h t l y  d i f f e r e n t  be- 
havior from tha t  of the other  a l loying elements, as shown i n  
Figure 22. Again, the  hot-rol led s t ruc tu re  i n  Figure 22a i s  a  
f e r r i t e  so l id  solut ion.  I n  the oxidized condition, no i n t e r -  
granular o r  i n t e r n a l  oxidation i s  v i s i b l e .  The in t e r f ace  between 
the th in  oxide and s u b s t r a t e  is--irregular,  although- more pro- 
nounced than tha t  of the  T i  addit ion.  This i s  apparently due to  
continual  spa l l ing  of the oxide which i s  re f lec ted  i n  a  sample 
weight loss  f o r  a l loy  F11 i n  Table 5.  Thus, the formation of 
cusps of oxide i s  not  necessar i ly  a  condit ion fo r  oxide adherence. C 
Comparison of the i n t e r f ace  i n  Figure 22b wi th  t h a t  of a l loys  : 
with Y and T i  addit ions indicates  t ha t  a  well-defined i n t e r -  I 

face i s  a  manifestation of the oxidation mechanism, ' 

the  formation of an adherent oxide (smooth) or- one w 
continuous l y  (rough) . This r e s u l t ,  however, does 
a bene f i c i a l  e f f e c t  of the  i r r egu la r  i n t e r f ace  on 
adherence of a l l oy  F11. - -- - - - - -  --- ! The r e s u l t s  of metal recession and depth of oxide , penetrat ion measurements on N i - C r - A 1  a l loys  during oxidation 
screening t e s t s  a t  2300°F a r e  summarized i n  Table 14. A l l  of 
the nickel-base a l loys ,  wi th  the  exception of NICr, e x h i b i d  
extensive i n t e r n a l  oxidation to  a  depth of 30 m i l s .  The r a t e  - 

of i n t e r n a l  oxidation, however, was s l i g h t l y  slower than tha t  
of Fe-Cr-A1 a l loys  which a r e  suscept ib le  t o  i n t e r n a l  oxidation. 
Most of the a l loys  were not f u l l y  penetrated u n t i l  60 hr  i n  

- - - - - -- -- - - -  - -  -- - - 



The loss  of 1 m i l  of metal fo r  a mater ia l  with a densi ty of 1 
8.0 g/cm3 corresponds to  a weight loss  of about 20 mg/cm2. T h y ,  
the metal recession da ta  i n  Table 14 a r e  i n  f a i r  agreement wi th  

- 
I 

Figure 23 shows the  microstructure of the base a l l o y  
NA2 (Ni-20Cr-5A1) a s  hot  ro l l ed  and a f t e r  100 h r  a t  2300°F. 
The microstructure i n  the as - ro l led  condit ion i s  a single-phase 
n icke l  s o l i d  so lu t ion  Figure 23b i l l u s t r a t e s  the  i n t e r n a l  
oxides and/or voids t h a t  were t yp i ca l  of a l l  the  N i - C r - A 1  a l logs .  
Also evident i s  the  tendency f o r  a surface layer  v i r t u a l l y  w i t h -  
out porosi ty.  Careful examination of the  i n t e r n a l  s t ruc tu re  ] 
indicated t h a t  some of the  apparent voids were p a r t i a l l y  fil led1 
with oxide. The in t e rna l  s t ruc tu re  of the  nickel-base a l loys  
a l s o  indicates  t h a t  the  oxide p a r t i c l e s  were more spher ica l  I 
and smaller than the i n t e rna l  defec t s  i n  iron-base a l l oys .  
Thus, it appears t h a t  the  apparent voids i n  nickel-base a l loys  I 
a r e  probably a combination of i n t e r n a l  voids and oxide p a r t i c l e s  
which a r e  pulled out during metallographic polishing.  

The microstructure of all0 @7 (L.O6Th), s 5 Figure 24a does exh ib i t  a gra in  [ b u n  aFy p rec ip i t a t e ,  
a Ni-Th compound, i n  the  hot-rol led s t ruc tu re .  I n  the  oxidfzetl 
condit ion i n  Figure 24b, t h i s  a l loy  shows a general s i m i l a r i t y  
to  the  base a l loy .  Both a l loys  ind ica te  no appreciable adhesent 
surface  oxide and i n t e r n a l  oxidation and/or void. There is a 
tendency toward b e t t e r  de f in i t i on  of i n t e r n a l  oxide p a r t i c l e s  fa 
the a l l oy  containing thorium, presumably as  a r e s u l t  of oxida- 
t ion  of the  Ni-Th compound, 

Addition of 0.81Hf t o  the Ni-25Cr-5A1 a l l o y  a d o  
does not p roh ib i t '  i n t e rna l  oxidation, ' a s  shown i n  Figure. 25. 
The hot- rol led  s t ruc tu re  i s  a l s o  a single-phase s o l i d  so lu t ion  
There i s  a t e n d e n ~ y  toward a l e s s e r  amount of i n t e rna l  de tec t s  ,: 
i n  the oxidized cbndit ion.  Figure 25b does, however, i n d ~ c a t e  : 
a tendency toward some in tergranular  oxidat ion,  I 

-- - -- --- - - - "-- -- - - - > -  

The major d i f ference  between addi t ions  which improve 
the  oxidation res i s tance  of Fe-Cr-A1 a l loys  i n  comparison t o  
N i - C r - A 1  a l l oys  i s  r e l a t ed  t o  i n t e r n a l  oxidation. Additions 
which e f f e c t i v e l y  reduce the  oxidation r a t e  of Fe-Cr-A1 a s  
measured by weight gain a l s o  el iminate i n t e rna l  oxidation. 
In  con t r a s t ,  Th and Hf, which were the  most e f f ec t ive  addi t ion 
i n  terms of weight l o s s ,  d id  not  p roh ib i t  i n t e r n a l  oxidation 
i n  nickel-base a l l oys .  Thus, it is apparent t h a t  the iron-base 



- -  - - - - - - -  - -____-___ _ _ - - _ _ _ _ _ _ _ - _ I _ _  - . - - ? 

alloys develop a stable surface oxide which inhibits both inward 
oxygen diffusion and outward cation diffusion. In contrast, the 
nickel-base alloys do not develop adherent surface oxides. Rather 
the oxidation rate is controlled by the mechanism of oxidation 
and involves diffusion-controlled concentration changes result- 
ing from oxide spalling and/or evaporation of oxide or metallic 
species. 

Metal loss and oxide penetration depths for Task I 
Ni-Cr-Ta alloys are summarized in Table 15. The results of these 
measurements generally correlate with weight change data in 
Table 7. A11 of these alloys tend toward internal oxidation 
and/or void formation similar to Ni-Cr-A1 alloys. Metal reces- 
sion decreased with increasing chromium concentration, as did' 
the weight loss. The metal recession for most of the alloys 
was greater than 2 mils in 100 hr. The exceptions were alloys 
NT23 (0.57La) and NT24 (0.9lTh) , which had metal recessions of 
1.4 and 0.6 mils, respectively. These alloys also exhibited 
the lowest total weight gain of any of the modified compositions. 
However, both alloys exhibited internal oxidation completely 
across the 0.060 in. thick sample in 100 hr. 

The microstructure of alloy NT5 (Ni-25Cr-1OTa) as hot 
rolled and after 100 hr at 2300°F is presented in Figure 26. 
These structures are also typical of a11 of the Ni-25Cr-1OTa 
alloys with alloying additions. Figure 26a shows that the hot- 
rolled structure contains a dispersed precipitate, presumably 
a Ni-Ta compound, in the nickel solid solution matrix. Figure 26b 
illustrates that internal oxidation and/or porosity was more se- 
vere than in the Ni-Cr-A1 alloys, although it did not extend com- 
pletely across the sample thickness. Oxide adherence was also 
limited on these alloys. The results of metallographic examina- 
tion verified the weight change data in indicating the limited 

I potential of protective cladding based on the Ni-Cr-Ta eastern in . 
comparison to Fe-Cr-A1 and Ni-Cr-A1 alloys. 

4 

(2) Modified Task I Alloys 
I 

Metal recession and oxide penetration depth measure- 1 ,  
ments for modified Task I alloys after cyclic furnace oxidation 
at 2300°F are summarized in Table 16. As for the weight loss 
measurements, metallographic data indicated no major deviation 
from the Task I alloys for the respective alloying additions. 
In general, modified -Task I- alloys had- s-lrght-ly- reduced- metal 
recession and depth of penetration. Thus, alloys F14 (0.25Y) 
and F21 (0.65y) both had metal recession and oxide penetration 
of about 0.5 and 2.0 mils,respectively, corresponding to the 
values of 0.5 and 3.4 mils for the Task I alloy F8 (0.43Y) . I 

The most significant metallographic effects observed 
I 

for modified Task I alloys were in the result of lower additions 
of Hf (F17) and Th (F20) in the Fe-Cr-A1 system. Reduction of 

. . - .  --- - - - - - -- - 



t h e  hafnium concent ra t ion  from 0.85 t o  0.5 w/o r e s u l t e d  i n  metal  
recess ion  and oxide pene t ra t ion  about one-half of t h a t  measured 
i n  Task I.  S imi la r ly ,  reduct ion i n  thorium from 1.06 t o  0 - 5  w/o 
reduced the  depth of pene t ra t ion  of a l l o y  F20 from 4.9 t o  2 . 0  mils 
Conversely, metal lographic d a t a  ind ica ted  l i t t l e  d i f f e r e n c e  i n  
e i t h e r  metal  recess ion  o r  depth of pene t ra t ion  f o r  v a r i a t i o n  of 
tantalum from 0 .5  (F19) t o  1.25 w/o (F18). 

with 
base 
h i b  i 

Metallographic da ta  f o r  N i - C r - A 1  a l l o y s  a l s o  c o r r e l a t e d  
Task I r e s u l t s ,  a s  shown i n  Table 16. The t h r e e  n icke l -  
a l l o y s  NA13 (0.5Th), NA14 (0.6Hf), and NA15 (1.  OTa) a l l  ex- 

t e d  i n t e r g r a n u l a r  oxida t ion  and/or  void formation completely 
ac ross  t h e  sample a f t e r  100 h r .  However, t h e  tantalum a d d i t i o n  
ind ica ted  a s l i g h t  tendency t o  reduce the  r a t e  of i n t e r n a l  ax i -  
da t ion .  The metal  recess ion  of NA15 was 1 . 5  mi l s  a s  compared t o  
about 0 . 5  f o r  NAl3 and NAl4. Thus, the  metal  recess ion  data showed 
good c o r r e l a t i o n  wi th  the  sarnple weight l o s s  i n  Table 10 ,  

c r  san1- Metallographic examination of  t h e  TD Ni and TD N i r :  
p les  a l s o  genera l ly  c o r r e l a t e d  wi th  oxida t ion  da ta .  TI) Ni 6:xhibited 
a meta l  r ecess ion  of 5 .7 m i l s  a f t e r  100 h r .  This sample w a s  charac- 
t e r i z e d  by a very t h i c k  oxide which was s ~ f f i c i e n t h y  adh.erent t o  
permit c u t t i n g  and po l i sh ing  of metal lagraphic samples without  
s p a l l i n g .  TD N i C r  had a metal  recess ion  of l e s s  than 0,s m i l s  
c o r r e l a t i n g  wi th  Task I r e s u l t s .  The small  s p h e r i c a l  voids ob- 
served i n  t h e  Task I samples were a l s o  v i s i b l e  i n  these  samples, 
Depth of pene t ra t ion  measurements i n  Table 16 r e f l e c t  the  zeme 
of s p h e r i c a l  pores near  the  su r face .  The measurement of zone 
width could n o t  be made accura te ly  because of v a r i a b l e  dens i ty  
and depth of the  void s t r u c t u r e .  

Based on the  1 t a n t  
a l l o y s  were Fe-Cr-A1 modified wi th  t i tanium. These a l l o y s ,  i n  
a d d i t i o n  t o  having among t h e  lowest weight ga in ,  a l s o  indica ted  
minimal i n t e r n a l  oxida t ion  on su r face  i n t e r g r a n u l a r  a t t a c k ,  The 
next  most r e s i s t a n t  a l l o y s  were Fe-Cr-A1 wi th  e i t h e r  Y o r  Th addi-  
t i o n s ,  although these  a l l o y s  had a s l i g h t  tendency toward i n t e r -  
granular  a t t a c k  a t  t h e  su r face .  Nickel-base a l l o y s  had low metal  
r ecess ion ,  bu t  were s u b j e c t  t o  i n t e r n a l  oxida t ion .  The micro- 
s t r u c t u r e s  of modified Task I a l l o y s  were q u i t e  s i m i l a r  t o  Task I 
a l l o y s  which were presented i n  Figures  17 through 25.  

(3)  Torch Tes t  Specimens 

Metallographic examination of modified Task I alloy ex- 
posed i n  t h e  a i r - n a t u r a l  gas to rch  flame w a s  conducted only after 
100 h r  of exposure. The r e s u l t s  of metal lographie measurements 
on t h e  s i x  modified Task I a l l o y s ,  TD N i ,  and TD N i C r  a r e  su~mmarized 
i n  Table 1 7 .  Also included a r e  microhardness surveys across  each 
of t h e  samples a f t e r  exposure. Since t h e  o r i g i n a l  sample w a s  
0.060 i n .  t h i c k ,  the  microhardness surveys r ep resen t  the  hardness 
p r o f i l e  from the  c e n t e r  t o  about 2 m i l s  of the  o r i g i n a l  sample 
su r face .  



The metallographic measurements of modified Task h chad- 
ding a l loys  indicated very l i t t l e  d i f ference  between the torch and 
the furnace oxidation t e s t s  f o r  most of the  a l loys .  Only F15 
(0.25Ti) exhibited grea te r  metal recession i n  the torah t e s t  
than i n  the furnace t e s t s .  However, the furnace t e s t  a l so  irldicated 
a s l i g h t  tendency toward spa l l ing  of t h i s  alloy, which was ver i f i ed  
by the 800 h r  t e s t  i n  Task 11. The other  a l loy  which exlnibil:ed 
s ign i f i can t  spa l l ing  was F18 (1.25Ta), but  t h i s  a l so  occurred i n  
the furnace t e s t .  As i n  the furnace t e s t ,  NA13 (0.5Th) had a metal 
recession of l e s s  than 0.5 m i l ,  but  was oxidized in t e rna l ly  com- 
p l e t e ly  across the sample. 

The most s t r i k i n g  deviat ion from furnace oxidation data  
was evident f o r  TD N i C r .  TD N i C r ,  which had a metal recession rate 
of only 0.5 m i l  i n  the furnace t e s t ,  indicated about 2 mils i n  
the  torch t e s t .  I n  addit ion,  i n t e rna l  oxidation and/or void forna-  
t ion  was much more d i s t i n c t .  The s i z e  of the  voids was grea te r  
than previously observed and the zone of i n t e r n a l  defects  more 
defined. TD N i  did not vary s ign i f i can t ly  from the furnace t e s t ,  

The r e s u l t s  of hardness surveys did not  ind ica te  any s ig -  
n i f i c a n t  var ia t ion  i n  hardness f o r  Fe-Cr-A1 a l loys  o r  TD N i ,  as 
shown i n  Table 17. NA13 exhibi ted only a minor reduc t i a n  i n  hard- 
ness,  except fo r  the zone about 6 m i l s  from the surface.  I n  con- 
t r a s t ,  the reduction i n  hardness fo r  TD N i C r  began about 18 mils 
from the surface and decreased continuously. This i s  assumed t o  
be due to  deplet ion of chromium from the so l id  so lu t ion  i n  both 
TD N i C r  and NA13. This i s  a probable explanation fo r  the void fo r -  
mation i n  TD N i C r ,  although the existence of the voids a l so  would 
tend t o  reduce the hardness values. 

The microstructures of se lec ted a l loys  a f t e r  100 hr of 
cyc l ic  torch t e s t i ng  a r e  presented i n  Figures 27 and 28. Figure 27a  
i s  general ly representa t ive  of the Fe-Cr-A1 a l loys ,  except tha t  most 
of the a l loys  had a t h in  oxide layer  on the  surface.  Alloy M13 
(Figure 27b) shows i n t e r n a l  oxidation and the absence of an oxide 
layer  t ha t  was observed on t h i s  a l loy .  

Photomicrographs of TD N i  and TD N i C r  a f t e r  torch t e s t i ng  
a r e  presented i n  Figure 28. The TD N i  sample shows the thick,  uni-  
form oxide layer  t ha t  was observed on t h i s  a l loy  a f t e r  both furnace 
and torch t e s t s ,  and i n t e r n a l  p rec ip i t a t e s  which may be oxides. 
Figure 28b i l l u s t r a t e s  an i r r egu la r  surface  and an absence of oxide, 
which a r e  both indicat ions  of spa l l ing  during the  torch t e s t ,  "re 
microstructure a l so  shows the zone of subsurface spher ica l  porosity 
discussed previously. 

(4) Sulf ida t ion  Tes t Specimens 

Metallographic da ta  fo r  modified Task I a l loys  a f t e r  the 
su l f ida t ion  t e s t  a r e  presented i n  Table 18. These da ta  a r e  f o r  t e s t  
samples exposed a t  1650°F f o r  20 h r  a f t e r  immersion i n  molten sodium 
s u l f a t e .  The r e s u l t s  c o r r e l a t e  wi th  the weight change da ta ;  metal 
loss  was l e s s  than 0.5 m i l  f o r  a l l  a l loys .  



-----.------ 
I The micros t rucTur e s Cf ' - i iZIec ted-Zr IOy~f  S r - S s u P T i d F  
I t ion exposure are shown i n  Figure 29. Alloy F15 (Figure 29a) i s  
i representa t ive  of a l l  t h e  Fe-Cr-A1 a l l o y s .  The su r face  of a l l o y  
lNA13 (Figure 29b) i n d i c a t e s  some nonuniform sur face  a t t a c k  and_-a ,  
timinor amount o f  subsurface p r e c i p i t a t i o n ,  which may %e a s u l f i d e  
phase. Oxide p a r t i c l e s  may a l s o  be as soc ia ted  wi th  i n t e r n a l  oxi-l 
d a t i o n  of t h e  p r e c i p i t a t e d  phase i n  t h i s  a l l o y .  The TD N i  samples 
c - i g u r e  29c) exh ib i t ed  a t h i n  oxide l a y e r  and no subsurface attack. 
 hi^ s t r u c t u r e  -is a l s o  s i m i l a r  t o  the- N i C r  sample, except-tKaT 
t h e  oxide l a y e r  was much th inner  on TD N i C r .  

- - - 
Bend Tes t  

Bend t e s t s  were conducted on oxidized samples of Task I 
and modified Task I a l l o y s  t o  i n d i c a t e  t h e  inf luence  of exposure 
on bend d u c t i l i t y .  No provis ion  w a s  made f o r  bend tests i n  Task1 
i n  t h e  o r i g i n a l  program plan .  Bend tests were planned only on 
t h e  10-mil shee t  samples i n  Task 11. However, i t  was decided t o  
conduct bend t e s t s  i n  Task I t o  augment microhardness measurements 
f o r  eva lua t ion  of changes i n  a l l o y  d u c t i l i t y  during exposure. 
Because of i n s u f f i c i e n t  h o t - r o l l e d  m a t e r i a l ,  bend t e s t s  were con- 
ducted on Task I a l l o y s  only a f t e r  100 h r  exposure. Modified 
\Task I a l l o y s  were subjec ted  t o  bend t e s t s  i n  t h e  a s - fabr i ca ted  
land t h e  exposed condi t ions .  
! 

Bend t e s t s  were conducted using t h e  guided bend t e s t  
: f i x t u r e  shown i n  Figure 30. This  equipment permits v a r i a t i o n  of 
; the  mandrel diameter t o  accommodate samples of v a r i a b l e  th ickness .  
p11 t e s t s  employed a 4 t  mandrel and were continued t o  180" i f  no 
, f a i l u r e  occurred. I n  most cases ,  cons iderable  springback occurred 
;so t h a t  t h e  sample bend appeared t o  be l e s s  than 180". 
I -- - - - - - - - -. - - -- - - - --- -- - - 

/ ( I )  Task I Alloys 
I 

I 

Bend sampRes of Task I a l l o y s  were sec t ioned from oxi -  1 
idation samples f o r  t h e  furnace t e s t .  Accordingly, t e s t  samples I 
were 1 i n .  x 0.5 in!. , which w a s  t h e  minimum leng th  f o r  accoormoda-I 
; t ion  i n  t h e  t e s t  f i ~ t u r e .  The samples which bent 180" exh ib i t ed  
s i g n i f i c a n t  springbhck a f t e r  r e l e a s e  of t h e  bend load.  This  i s  
/shown i n  t h e  photogkaph of Task I bend Samples, Figure 31. A l -  1 

though t h e  samples b e r e  subjected t o  a 180' bend, springback r e -  
isulted i n  an equi l ibr ium p o s i t i o n  less than 180". 
1 

The resu lks  of be-s&--and microhardness s u r v g s  on ' 
kask I a l l o y s  a r e  summarized i n  Table 19. These d a t a  a r e  l i m i t e d  
t o  a l l o y s  wi th  a t o t a l  weight ga in  of l e s s  than 11 mg/cm2 during 
c y c l i c  furnace oxida t ion .  Most of t h e  iron-base a l l o y s ,  including 
lthe base composition Fe-25Cr-4A1 ( F l )  , were b r i t t l e  a f t e r  exposure. 
The only i ron-base a l l o y s  which survived t h e  bend t e s t  were F10 
: ( 0 . 8 5 ~ f )  and F11 (0.85Ta) . A l l  t h r e e  of  t h e  nickel-base a l l o y s  
bassed t h e  bend t e s t ,  al though a l l o y  NA7 (1.OlTh) exh ib i t ed  numer- 
ous s m a l l  cracks on t h e  t ens ion  s i d e .  



I Microhardness d a t a ,  shown i n  Table 19,  do not  exp la in  
ithe d i f f e r e n c e  i n  d u c t i l i t y  of t h e  iron-base a l l o y s .  The base 
' a l l o y  f a i l e d  t h e  bend t e s t  although t h e  microhardness i s  less than 
jthat of a l l o y s  F10 and F l l .  No s i g n i f i c a n t  microhardness v a r i a -  
l t ions occurred on any of t h e  iron-base a l l o y s ,  w i t h  t h e  exception 
,of  F10. The hardness of 170 DPH a t  a d i s t a n c e  of  about 6 m i l s  
:from t h e  su r face  i n d i c a t e s  some a l l o y  dep le t ion  j u s t  beneath t h e  
/ r e l a t i v e l y  t h i c k  oxide l a y e r  t h a t  w a s  present  on t h i s  sample. 
! 
I Microhardness d a t a  f o r  t h e  t h r e e  N i - C r - A 1  a l l o y s  show 
l tha t  a l l o y  dep le t ion  w a s  s i g n i f i c a n t  only on t h e  Ni-20Cr-5A1 base 
;composition (NA2). Furthermore, these  a l l o y s  were d u c t i l e ,  though 
lthey had higher  hardness than t h e  iron-base a l l o y s .  The reason 
; f o r  su r face  cracking of NA7 (Th) i s  n o t  w e l l  explained by t h e  
lmicrohardness d a t a ,  s i n c e  it  i s  only s l i g h t l y  higher  than t h a t  of 
j t h e  Hf-modified a l l o y  (NA9) . 
i(2) Modified Task I Alloys 

The r e s u l t s  of bend t e s t i n g  and microhardness determin- 
rations of t h e  11 modified Task I a l l o y s  a r e  presented i n  Table 20. 
l ~ i c r o h a r d n e s s  surveys were conducted on only 6 of the  iron-base 
; a l l o y s  and NA13. A l l  of t h e  N i - C r - A 1  a l l o y s  and Fe-Cr-A1 a l l o y s ,  
 except F21 (0,65Y), exh ib i t ed  a degree of d u c t i l i t y  i n  t h e  hot -  
i ro l l ed  condi t ion .  An unusual aspect  of bend t e s t i n g  of t h e  as- 
f a b r i c a t e d  a l l o y s  w a s  t h a t  a l l o y s  F14 and F18 f a i l e d  no t  at  t h e  
) p o i n t  of maximum s t r a i n ,  but  i n  a reg ion  away from t h i s  po in t .  
'This may have been due t o  mic ros t ruc tu ra l  inhomogeneity o r  l a p s  
' i n  t h e  ho t - ro l l ed  m a t e r i a l .  

I n  t h e  oxidized condi t ion ,  only t h e  n ickel -base  a l l o y s  
land Fe-Cr-A1 alloyq-c5nt~i-nTnggHfl~Fl~~-and-Ta-'-<F1-8-,--F19~ were 
( d u c t i l e .  Thus, thd bend t e s t  r e s u l t s  of modified Task I a l l o y s  
, c o r r e l a t e d  wi th  previous r e s u l t s .  Again, microhardness d a t a  d i d  
h o t  i n d i c a t e  any agparent reason f o r  t h e  d i f f e r e n c e  i n  bend duc- 
t i l i t y  i n  iron-basd a l l o y s .  Furthermore, only NA13 (0.5Th) ex- 
h i b i t e d  s i g n i f i c a n t  a l l o y  dep le t ion  as Zndicated by a hardness 
survey across  t h e  sample. 

The d i f f e r e n c e  i n  bend d u c t i l i t y  of iron-base a l l o y s  
'can probably be a td r ibu ted  t o  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  
i tha t  i s  o f t e n  encountered i n  BCC a l l o y s .  Nickel-base a l l o y s  a r e  
' no t  suscep t ib le  t o  ) t h i s  e f f e c t  because they a r e  FCC. Hot working 
:of t h e  Fe-Cr -A1 a lkoys --appar-ently lowers t h e  - t ransf  t i o n  tempera- 
t u r e  t o  below room temperature.  Subsequent r e c r y s t a l l i z a t i o n  
during oxidat  ion  exposure can inc rease  t h e  t r a n s  it  ion  temperature 
depending on t h e  a l loy ing  add i t ion .  I f  t h i s  i s  t h e  case ,  Hf and 
Ta add i t ions  lower t h e  t r a n s i t i o n  temperature, whereas Y addi t ions 
have an oppos i te  e f f e c t .  The inf luence  of Th and T i  cannot be de- 
' f i n e d  w i t h  t h e  c u r r e n t  d a t a  because t h e s e  a l l o y s  were d u c t i l e  i n  
t h e  ho t - ro l l ed  condi t ion  and b r i t t l e  a f t e r  exposure, a s  was t h e  
Fe-25Cr-4A1 base a l l o y .  
- - -  - -- - - -  - -- - - - 





B. Task I1 - Extended Oxidation Test ing 
and In te rd i f  fusion S t u d i e s  

1. Allov Select ion and Samle  Fabricat ion 

Select ion of the  18 a l l o y  compositions f o r  evaluat ion 
i n  Task I1 was based on a l l  of the  t e s t s  conducted i n  Task I. 
The compositions recommended f o r  Task I1 were approved by the  
NASA Project  Manager p r io r  t o  preparat ion of the  a l loys .  One 
major d i f ference  between Task I and Task I1 oxidation t e s t s  was 
planned. Oxidation samples i n  Task I1 were . fabricated from 10-mil 
sheet  i n  order t o  simulate the  oxidation behavior of a 5-mil 
cladding layer .  Thus, oxidation samples i n  Task I1 had a more 
l imited rese rvo i r  of a l loying addi t ion than did  Task I specimens. 

A s  discussed previously, Task I data  indicated t h a t  most 
of the  al loying addit ions were e f f ec t ive  a t  concentrations below 
0.25 a/o.  Furthermore, bend t e s t s  indicated t h a t  the  al loying 
addit ions,  p a r t i c u l a r l y  Y, increased the  d u c t i l e - t o - b r i t t l e  t ran-  
s i t i o n  temperature i n  Fe-Cr-A1 a l loys .  It was demonstrated i n  the  
case of Y t h a t  addi t ion of 0.65 w/o Y resu l ted  i n  embrittlement 
a t  room temperature i n  the  hot- rol led  condition. Similar e f f e c t s  
might possibly be expected f o r  higher concentrations of the  o ther  
al loying elements. The use of 10-mil mater ia l  introduced fu r the r  
necess i ty  f o r  room-temperature d u c t i l i t y ,  s ince  it was planned t o  
reach the  f i n a l  10-mil thickness by cold ro l l i ng .  A l l  of these 
f ac to r s  indicated t h a t  lower concentrations of al loying addit ions 
were appropriate.  Accordingly, most of the  a l loys  se lected f o r  
Task I1 had a l loying addit ions l e s s  than 0.25 a/o. 

/ 
One other  f ac to r  influenced the  se lec t ion  of al loying I ,  

addit ions i n  Task I a l loys .  It was shown i n  Task I bend t e s t s  
t h a t  Ta addit ions lowered the  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  tem- 
pera ture  of Fe-Cr-A1 a l loys .  Tantalum addi t ions  were a l so  mildly 
bene f i c i a l  i n  improving oxidation res i s tance .  Thus, tantalum 
addit ions were included i n  combination wi th  other  addit ions i n  
the  Fe-Cr-A1 systems i n  the  hope of improving room-temperature 
d u c t i l i t y .  It was hoped t h a t  improvement i n  room-temperature 
d u c t i l i t y  could be obtained without detriment t o  the  axidat ion 
res i s tance .  

The nominal compositions of Task I1 a l loys  a r e  summarized 
i n  Table 22. Alloys se lected f o r  evaluat ion were i n  f i v e  bas ic  
systems: Fe-Cr-A1-Y, Fe-Cr-Al-Ti, Fe-Cr-Al-Hf, Fe-Cr-Al-Th, and 
Ni-Cr-AX-Th. Six  of t he  compositions were t e s t ed  previously i n  
Task I. One a l l o y  containing 0.5 w/o Ta was se lected i n  each of 
the  four iron-base systems i n  the  hope of increasing room-temperature"'""" 
d u c t i l i t y .  The Ta addi t ion t o  Ni-Cr-Al-Th (NA17) was intended t o  
indicate  whether any synerg i s t i c  e f f e c t s  of the  a l loying elements 
could be obtained. A s imi la r  a l l o y  containing both T i  and Hf (F27) 
w a s  se lec ted i n  the  Fe-Cr-A1 system. The remaining nickel-base 
a l loy ,  Ni-20Cr-6A1-0.75Si, was suggested by NASA based on oxidation 
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da ta  from another program. This a l l o y  could not  be fabr ica ted by 
hot r o l l i n g  and was therefore  not evaluated by oxidation t e s t s .  

Task I1 a l loys  were consolidated by arc-melting a t  I I T R I  
using the  raw materials  and techniques described i n  Section 111-A-1.  
I n  no case was the  melt loss  i n  excess of 1%, as  shown i n  Table 23. 
Pr io r  t o  hot r o l l i n g ,  the  ingots were hand ground t o  remove v i s i b l e  
surface  defects  such as  shrinkages and cold shuts ,  followed by 
homogenization i n  a i r  a t  2 1 0 0 " ~  f o r  24 hr. The following pass 
sequence was maintained f o r  the  hot r o l l i n g  of the  Fe-Cr-A1 a l loys:  
(1) 8 t o  9 passes a t  5% reduction per pass,  (2) 5 passes a t  7.5% 
per pass, and (3) 10 t o  12 passes a t  10% per pass.  The ingots were 
reheated f o r  5 min a t  2150°F between each pass. During r o l l i n g  of 
the  nickel-base a l loys ,  the  reduction per pass w a s  always about 5%. 
Nickel-base a l loys  were given a second homogenizing treatment a t  
2100°F for  24 h r  a f t e r  an i n i t i a l  breakdown of 25% because of 
g rea te r  work hardening than Fe-Cr-A1 a l loys .  

A summary of the  r o l l i n g  behavior of Task I1 a l loys  i s  
presented i n  Table 24. A l l  the  iron-base a l loys  hot- rol led  excep- 
t i o n a l l y  well .  The few local ized defects  observed on the  surface 
of some of the  ingots  were suspected t o  be due t o  shrinkage cavi-  
t i e s  and i n t e r n a l  porosi ty.  These defects  were r ead i ly  removed 
by surface grinding r e su l t i ng  i n  good q u a l i t y  material- fo r  cold 
r o l l i n g .  - . w 

Nickel-base a l loys  were more prone t o  surface and edge 
cracking than Fe-Cr-Al, as  was observed previously i n  Task I. 
However, the  modified r o l l i n g  schedule employed f o r  N i - C r - A 1  a l loys  
resu l ted  i n  mater ia l  of good qua l i ty ,  except f o r  a l l oy  NA18. This 
a l l o y  developed severe cracks during the  very ea r ly  stages of r o l l -  
ing. I n  s p i t e  of more frequent surface conditioning, cracks r e -  
appeared during fu r the r  hot r o l l i n g .  Thus, it was apparent t h a t  
cracking was due t o  a l l o y  composition, r a the r  than melting defects .  
I n  order t o  ve r i fy  these r e s u l t s ,  a second arc-melt of a l l o y  NA18 
was prepared. A s  previously, hot r o l l i n g  resu l ted  i n  severe crack- 
ing of the  second ingot .  These r e s u l t s  indicated t h a t  the  high- 
s i l i c o n ,  high-aluminum concentration i n  a l l o y  NA18 precluded f ab r i -  
ca t ion  of good qua l i t y  sheet  mater ia l  by the  methods used i n  t h i s  
program. Consequently, t h i s  a l l oy  was eliminated from oxidation 
evaluat ion i n  Task 11. 

The hot- rol led  a l loys  were annealed and s l i ced  (0.75 
x 1.5 i n . ) ,  t ransverse t o  the- r o l l i n g  d i rec t ion ,  -They w e r e  then 
ground about 0.01 i n .  per s ide  t o  remove surface defects  i n  pre-  
para t ion fo r  cold r o l l i n g  t o  10 m i l  sheet .  The i n i t i a l  thickness 
of a l l  the  specimens prepared f o r  cold r o l l i n g  w a s  approximately 
0.060 i n .  

Pr io r  t o  the  ac tua l  cold ro l l i ng ,  a p i l o t  r o l l i n g  experi- 
ment was conducted on small samples of Fe-Cr-A1 a l loys  i n  order t o  
optimize the  pass sequence and annealing schedule. Reductions of 
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as much as 25 t o  30% per  pass were taken without edge cracking.  
Small edge cracks were genera l ly  de tec ted  a f t e r  a t o t a l  reduct ion  
of 60%. A t  t h i s  s t age ,  t h e  r o l l e d  s h e e t s  were annealed f o r  15min 
a t  2150°F and subsequently r o l l e d  t o  0.010 i n .  shee t  a t  25 t o  30% 
reduct ions  without any d i f f i c u l t i e s .  This  procedure w a s  followed 
f o r  t h e  a c t u a l  co ld  r o l l i n g  of  a l l o y s  f o r  f a b r i c a t i o n  of oxida t ion  
samples. However, n ickel -base  a l l o y s  were r o l l e d  wi th  reduct ions 
of only about 7.5% per  pass .  Af te r  in termedia te  annealing, t h e  
very t h i n  s u p e r f i c i a l  su r face  oxide l a y e r  w a s  removed by g l a s s -  
bead b l a s t i n g .  A s  a r e s u l t ,  t h e  f i n i s h e d  co ld - ro l l ed  shee t  
(0.010 i n . )  had an e x c e l l e n t  su r face  appearance. 

The sequence f o r  f a b r i c a t i o n  of 10-mil oxida t ion  samples 
of t h e  var ious  a l l o y s  i s  shown i n  Figure 33. The t h r e e  major fab-  
r i c a t i o n  s t ages  of hot  r o l l i n g ,  su r face  gr inding ,  and cold  ro l l ing  
a r e  i l l u s t r a t e d .  Samples f o r  chemical ana lys i s  were removed from 
t h e  co ld - ro l l ed  shee t  immediately adjacent  t o  t h e  oxida t ion  sam- 
p l e s ,  r a t h e r  than from ho t - ro l l ed  m a t e r i a l ,  as i n  Task I. Thus, 
t h e  r e s u l t s  of wet chemical ana lys i s  r ep resen t  t h e  a c t u a l  composi- 
t i o n  of  t h e  oxida t ion  samples. A s  a f i n a l  s t e p ,  t h e  oxida t ion  
samples were hand-polished t o  remove any bur r s  r e s u l t i n g  from the  
sec t ion ing  of t e s t  samples from t h e  co ld - ro l l ed  shee t  ma te r i a l .  

A c ross - sec t ion  of t h e  10-mil shee t  m a t e r i a l  as-cold- 
r o l l e d  and a f t e r  annealing i s  shown i n  Figure 34. The photomicro- 
graph presented i n  Figure 34a rep resen t s  both i ron-  and nickel-bacn 
a l l o y s  a f t e r  co ld  r o l l i n g  and i l l u s t r a t e s  the e x c e l l e n t  

( condi t ions  obtained.  During sec t ion ing  of t h e  oxida t ion  J 

from t h e  10-mil shee t ,  c a r e  w a s  taken t o  avoid any d e f e c t s  which 
may have been p resen t  i n  t h e  cold- ro l led  m a t e r i a l .  The microstruc- 
t u r e  shown i n  Figure 34 i s  t h a t  of a l l o y  F22 (0.15Y) and w a s  typ- 
i c a l  of Fe-Cr-A1 a l l o y s  conta in ing  y t t r ium.  The annealed s t r u c -  
t u r e  (Figure 34b) shows t h e  d ispersed  p r e c i p i t a t e  (Fe-Y) t h a t  w a s  
v i s i b l e  i n  a l l  Fe-Cr-A1-Y a l l o y s .  

2. Furnace Oxidation Tes t ing  

Tes t  samples, 2 x 0.5 x 0.010 i n .  t h i c k ,  of  t h e  18 1 1 
Task I1 a l l o y s  were subjected t o  c y c l i c  exposure a t  2300°F t o  ! 
f a i l u r e  o r  t o  800 h r .  The c y c l i c  condi t ions  were i d e n t i c a l  t o  I 
those used i n  Task I: 2 h r  cyc les  t o  20 h r ,  followed by 20 h r  
cyc les  t o  800 h r .  T r i p l i c a t e  samples of each a l l o y  were included 
i n  t h e  test;  one sample of each m a t e r i a l  w a s  sec t ioned a t  100, 
400, and 800 h r ,  o r  f a i l u r e ,  f o r  metal lographic examination. Af te r  
sec t ion ing ,  t h e  remainder of t h e  sample t o  be used f o r  metallog- 
raphy w a s  re turned  f o r  a d d i t i o n a l  exposure. Thus,weight changes 
a f t e r  100 h r  were obtained only on t h e  two remaining samples of 
each a l l o y .  A s  i n  Task I, both  t o t a l  and sample weight changes 
were determined during furnace exposure. 

Tes t  samples were contained i n  alumina c r u c i b l e s  during 
exposure i n  order  t o  r e t a i n  any spa11 products .  This  was neces- 
s a r y  i n  order  t o  ob ta in  t o t a l  weight change d a t a  f o r  t h e  a l l o y s .  



Because of t h e  d i f f e r e n c e  i n  sample geometry, i t  was necessary t o  
use d i f f e r e n t  alumina c r u c i b l e s  from those i n  Task I. The only 
c r u c i b l e s  a v a i l a b l e  t h a t  would adequately con ta in  t h e  2 i n .  long 
t e s t  samples were of porous alumina. It w a s  discovered e a r l y  i n  
t h e  800 h r  t e s t  t h a t  t h e  porous alumina c r u c i b l e s  gained weight 
during c y c l i c  exposure. This w a s  r e a d i l y  apparent because of the  
cons iderable  d i f f e rence  between t o t a l  and sample weight change 
f o r  a11 a l l o y s  i n  t h e  absence of s p a l l i n g .  Accordingly, four  
empty c r u c i b l e s  were exposed along wi th  t h e  t e s t  samples t o  pro-  
v ide  a means of c a l c u l a t i n g  a  c o r r e c t i o n  f o r  t o t a l  weight change 
of t h e  t e s t  samples. 

Figure 35 i s  a p l o t  of t h e  average weight ga in  of t h e  
four  empty alumina c r u c i b l e s  which were exposed along wi th  the  
t e s t  samples. The reason f o r  t h e  weight ga in  of t h e  c r u c i b l e s  i s  
not  d e f i n i t e l y  known, but t h e  ga in  was f a i r l y  l i n e a r  wi th  t ime. 
An apparent change i n  s lope  occurs a t  about 300 h r ,  although the 
o r i g i n a l  s lope  i s  resumed a f t e r  600 h r .  A t  300 h r ,  t he  r e f r a c -  
t o r y  b r i c k  used t o  hold t h e  c r u c i b l e s  w a s  changed due t o  f r a c t u r e  
of t h e  b r i c k .  This  does no t  mean t h a t  v i s i b l e  i n t e r a c t i o n  of t h e  
c r u c i b l e  and b r i c k  occurred; r a t h e r ,  t h e  weight ga in  was appa.r- 
e n t l y  due t o  a  gaseous r e a c t i o n ,  poss ib ly  wi th  water  vapor ,  The 
d a t a  i n  Figure 47 were used t o  c o r r e c t  t o t a l  weight ga in  only f o r  
t h e  var ious samples i n  subsequent p l o t s  and t a b l e s  of oxida t ion  
d a t a .  This c o r r e c t i o n  does not  a l t e r  t o t a l  weight ga in  d r a s t i c -  
a l l y ,  nor does it  a f f e c t  i n  any way t h e  sample weight change data, 
For example, t h e  c r u c i b l e  c o r r e c t i o n  f o r  a l l o y  F26 a f t e r  120 hr 
w a s  22 mg of t h e  t o t a l  88 rng weight change. 

T o t a l  and sample weight changes f o r  Task I1 a l l o y s ,  
TD N i ,  and TD N i C r  during c y c l i c  furnace oxida t ion  a r e  s u m a r i z e d  
i n  Table 25. Data i n  Table 25 a r e  presented only a t  40 h r  i n t e r -  
v a l s ,  al though weighing and c a l c u l a t i o n s  were made at  each 261 h r  
i n t e r v a l  during furnace exposure. Each value i s  t h e  average of 
t h r e e  samples up t o  100 h r  and only two specimens a t  times g r e a t e r  
than 100 h r .  Data f o r  TD N i  and TD N i C r  a r e  based on a s i n g l e  
oxida t ion  sample. F a i l u r e  of t h e  f i r s t  a l l o y ,  F28 (0.5Hf-O,STa), 
occurred a t  140 h r ,  al though a l l  of t h e  a l l o y s  had an exce l l en t  
su r face  appearance a f t e r  100 h r .  Termination of t e s t i n g  f o r  t h e  
var ious  a l l o y s  w a s  based on v i s u a l  observat ion of  the  samples 
r a t h e r  than well-def ined l e v e l  of weight ga in .  This was beca.use 
c a l c u l a t i o n s  of weight change were not  performed continuously 
during t h e  oxida t ion  t e s t i n g .  Furthermore, a t t a c k  of t h e  18-mil 
t e s t  samples was r e a d i l y  v i s i b l e ,  although it was genera l ly  no t  
uniform over the  sample. 

Obviously, t h e  determinat ion of oxida t ion  f a i l u r e  was 
a r b i t r a r y ,  p a r t i c u l a r l y  because of t h e  10-mil t h i c k  oxidat ion 
samples. The use of t h i n  specimens tended t o  a c c e l e r a t e  f a i l u r e  
a t  edges and corners  because of high oxide s t r e s s e s  and a  l imi ted  
r e s e r v o i r  of s u b s t r a t e  m a t e r i a l .  In  genera l ,  t h e  f a i l u r e  of a l l  
Fe-Cr-A1 samples was due t o  i n i t i a l  ex tens ive  a t t a c k  a t  t h e  corners  
and/or edges of t h e  samples. However, t h e  use of t h i n  specimens 



did  provide a more s t r i ngen t  se lec t ion  of the  b e t t e r  compositions. 
Although the  use of t h i n  samples d id  acce le ra te  a t t ack  on some 
a l loys ,  the  supe r io r i t y  of a l loys  which d id  not f a i l  was thereby 
fu r the r  demonstrated. 

Using the  above c r i t e r i o n ,  f a i l u r e  of the  various a l loys  
was not based on the  i n i t i a l  appearance of a t t ack  a t  an edge or  
corner.  The samples were a l l  permitted t o  be at tacked t o  a point  
of considerable v i s i b l e  de t e r io ra t i on  p r i o r  t o  removal from the  
t e s t .  Furthermore, i n  cases where only one of the  samples of a 
given composition showed considerable a t t ack ,  t e s t i n g  was con- 
tinued. This w a s  not a general condition, s ince  reasonably good 
co r r e l a t i on  between samples of the  same composition was normally 
obtained. Spall ing of the  surface oxide was general ly l imited on 
a l l  of the  compositions t es ted .  When it did occur, spa l l ing  con- 
s i s t e d  of f r ac tu re  of r e l a t i v e l y  large pieces of oxide from edges 
and corners of the  samples. 

A summary of the  time of removal and v i sua l  appearance 
of Task I1 a l ioys ,  TD N i ,  and TD N i C r  during cyc l i c  furnace t e s t i ng  -.- 
i s  presented i n  Table 26. Photographs of one oxidation sample 
f o r  each a l l o y  system a t  the  time of removal from the  oxidation 
t e s t  a r e  shown i n  Figures 36 and 37. Each of the  f i v e  bas ic  a l l oy  
systems developed c h a r a t e r i s t i c  surface oxides so t h a t  the  a l loys  
i n  the  various systems could be read i ly  dist inguished by t h e i r  
surface appearance. For example, Fe-Cr-A1 a l loys  containing Hf 
had a mottled dark green surface, whereas the  a l loys  containing 
T i  developed a l i g h t  t an  oxide. One di f ference  i n  the  behavior 
of Fe-Cr-A1 and N i - C r - A 1  a l loys  was observable, as shown i n  
Table 26. A l l  of the  alumina crucibles  used f o r  N i - C r - A 1  a l loys ,  
TD N i ,  and TD N i C r  had a-green i n t e r n a l  surface  indicat ing evapora- 
t i o n  of meta l l ic  and/or oxide species from the  t e s t  samples. None 
of the  Fe-Cr-A1 a l loys  caused any appreciable d iscolora t ion of 
the  c ruc ib les .  

The t e s t  samples described i n  Table 26 a r e  presented as  
photographs i n  Figures 36 and 37. It i s  apparent t h a t  f r ac tu re  
as a r e s u l t  of oxidation did  occur on some samples (F28, F30). 
Furthermore, d i s t o r t i o n  of the  t e s t  samples a l s o  occurred during 
exposure, p a r t i c u l a r l y  fo r  Fe-Cr-A1 a l loys .  It i s  a l so  apparent 
t h a t  some of the  a l loys  suffered more extensive oxidation than 
other  a l loys .  This was due primari ly t o  the  abrupt nature  of 
f a i l u r e  i n  Fe-Cr-A1 a l loys ,  as  w i l l  be discussed subsequently. 

Weight gain da ta  f o r  a l loys  which were removed from t e s t  
p r io r  t o  400 h r  a r e  p lo t ted  i n  Figures 38 and 39. A l l  of the  speci-  
mens removed were Fe-Cr-A1 a l loys ,  including a l l  of the  Hf- and 
Ti-modified a l loys ,  except the  a l l oy  containing both Hf and T i  
(F27). Both the  sample and t o t a l  weight change curves show s imi la r  
shapes; a low oxidation r a t e  f o r  periods g rea te r  than 100 h r  i s  
followed by a rapid increase a t  exposure times between 140 and 
320 h r .  This i s  presumably due t o  deplet ion of the  addi t ive  which 



i n h i b i t s  the  oxidatibn r i t e .  Thus, T i  addit ions which resu l ted  
i n  the  lowest 100 hr  oxidation r a t e s  d id  not provide long-time 
s t a b i l i t y ,  a t  l e a s t  a t  the  concentrations invest igated.  

Analysis of the  slope of the  weight gain curves i s  d i f f i -  
c u l t ,  s ince  severa l  competitive fac tors  en te r  i n t o  the  measured 
values. The exposure temperature of 2300°F i s  s u f f i c i e n t  t o  in-  

1 clude vaporization of a l loying elements and/or products as a fac tor  
I i n  weight change. Evaporation coupled wi th  spa l l ing  and oxidation 
can produce abrupt changes i n  s lope of the  oxidation curve s ince  
a l l  these  processes can take place simultaneously. Consequently, 
unusual var ia t ions  i n  weight change can occur depending on the  
r e l a t i v e  importance of these competitive react ions  over any time 

I I i n t e rva l .  
I 

wLight change data  f o r  Fe-Cr-A1 a l loys  which did  not 
f a i l  p r i o r  t o  400 h r  a r e  p lo t t ed  i n  Figures 40 and 41. The lowest 
weight gains and bes t  surface appearance were observed f o r  the  Y 
addit ions i n  the  Fe-Cr-A1 a l loys .  The t o t a l  weight gain curves 
fo r  a l loys  F14, F23, and perhaps F22, shown i n  Figure 40, ind ica te  
an anomalous decrease i n  the  t o t a l  weight gain i n  the  range of 
300-600 hr .  These a l loys  (and a l s o  TD Nice) showed almost no 
change i n  e i t h e r  the  t o t a l  o r  sample weight over t h i s  temperature 
range. Thus, when the  c ruc ib le  correct ion was applied t o  these  
a l loys ,  the  t o t a l  weight gain  decreased, although the  c ruc ib le  
correct ion merely magnifies the  e f f e c t .  This can only be accounted 
f o r  by evaporation of the  a l l oy  cons t i tuen ts  o r  oxide products 

,which balances, or  exceeds, the  r a t e  of oxygen uptake. However, 
; the  weight changes a r e  so  s m a l l  t h a t  minor var ia t ions  can be ex- 
p e c t e d .  It i s  s ign i f i can t  t h a t  no v i s i b l e  change i n  the  Fe-Cr-A1 
1 samples occurred i n  t h i s  range. 

Weight change da ta  f o r  the  Ni-base a l loys ,  TD N i  and 
a r e  plot ted i n  Figures 42 and 43. Fa i lu re  of n icke l  

was not as abrupt as  i n  the  Fe-base systems. These a l loys  a l l  had 
a continuous band of oxide around the-edges of the  s a m p l e s ,  which 
tended t o  chip a t  the  longer exposure times. This resu l ted  i n  a 
decrease i n  the  sample weight gain f o r  NA13 and NA16 a t  about 
500 h r .  In  con t ras t ,  Fe-base a l loys  usual ly  exhibi ted edge f a i l u r e  
primari ly along the  0.5 i n .  dimension of the  2 x 0.50 x 0.010 in .  
samples, general ly  i n i t i a t i n g  a t  a corner.  

The oxidation behavior of TD N i  and TD N i C r  cor re la ted ,  
i n  general,  wi th  r e s u l t s  obtained i n  Task I. Test samples-of txese  
a l loys  were 0.060 in .  th ick  s ince  it was expected t h a t  t h i s  th ick-  
ness was required t o  provide oxidation da t a  t o  800 h r .  It i s  ob- 
vious t h a t  i f  0.010 i n .  samples had been used, these a l loys  would 
have f a i l e d  p r i o r  t o  800 hr .  TD N i  developed the  c h a r a c t e r i s t i c  
th ick ,  adherent oxide and the  high weight nain ~ r e v i o u s l y  obtained. 
Similar ly  t o  Task data,  TD N i C r  had a small sample weight loss ,  3 o f  about 1.5 mg/cm a t  100 h r .  However, a f t e r t h i s  time oxidation 

l and spa l l ing  became accelerated as  shown i n  Figure 4 3 .  A s  a r e s u l t ,  
the  sample ex te rna l  dimensions w e r e  considerably reduced a f t e r  800 hr ,  
as  shown i n  Figure 37.  



e apparently anomalous decrease i n  t o t a l  weight gain 
f o r  TD N i C r  i n  Figure 42 i n  the  range of 200 t o  600 h r  can be ek- 
plained wi th  more assurance than f o r  the  Fe-Cr-A1 a l loys .  
Figure 43 indicates  t h a t  spa l l ing  of t he  oxides on TD N i C  became 
accelerated a t  about 200 h r .  This e f f e c t  w a s  apparently due t o  
compositional changes i n  the  a l l oy  surface.  While spa l l ing  would 
be expected t o  cause an acce le ra t ion  i n  t h e  r a t e  of t o t a l  weight 
gain, t h i s  w a s  apparently o f f s e t  by evaporation of meta l l ic  and/or 
oxide species.  Spall ing of the  oxide obviously resu l ted  i n  a 
large  increase i n  t he  t o t a l  e f f ec t ive  surface fo r  evaporation t o  
occur. Thus, the  observed decrease i n  t o t a l  weight gain could be 
expected provided t h a t  t he  evaporating species d id  not condense 
on the  c ruc ib le  wal ls .  Following t h i s  s tage ,  the  t o t a l  weight 
gain f o r  TD N i C r  became e s sen t i a l l y  l i nea r -wi th  time i n  the time 
i n t e r v a l  of 600 to  800 hr .  

One c h a r a c t e r i s t i c  w a s  of ten  observed on the  specimen 
sectioned f o r  metallographic examination a t  100 and 400 hr: The 
unexposed edge r e su l t i ng  from cu t t i ng  off  one-third as the  metalla- 
graphic sample of ten  became the  i n i t i a t i o n  point  f o r  edge a t t ack .  
This observation is  general ly  applicable t o  Fe-Cr-A1 a l loys  which 
f a i l e d  e a r l y  and/or were p a r t i c u l a r l y  subject  t o  edge a t t ack .  
This e f f e c t  i s  probably due t o  deplet ion of the  al loying addition! 
i n  the  a l loys .  After  100 or  400 h r ,  migration of the  a l l o y  addi- 
t i ons  had already occurred so  t h a t  l i t t l e  o r  none of the  a l loying 
addi t ion or ,  f o r  t h a t  matter,  A 1  was ava i lab le  t o  a f f e c t  the  oxide 
developed on the  f resh ly  c u t  surface.  Thus, the  oxidation r e s i s -  
tance of the  new surface w a s  equivalent t o  t h a t  of the  Fe-Cr-A1 
matrix, wi th  perhaps a lower concentration of aluminum. 

I n  general,  the  r e s u l t s  of t h e  800 hr  cyc l i c  oxidation 
t e s t  demonstrated t h a t  y t t r ium addit ions t o  the  Fe-Cr-A1 a l loys  
provided the  bes t  oxidation res i s tance .  A l l  of the  yttrium- 
containing a l loys  were exposed 800 hr  without f a i l u r e ,  although 
the  da t a  suggest t h a t  f a i l u r e  of a l l o y  F22 (0.15Y) was imminent. 
The next bes t  a l loys  were Fe-Cr-A1 a l loys  wi th  thorium addi t ions .  
Nickel-base a l loys  exhibi ted considerable oxidation res i s tance ,  
which w a s  superior  t o  Fe-Cr-A1 a l loys  wi th  Hf and T i  addi t ions .  
Signif icant ly ,  t i tanium addit ions which resu l ted  i n  the  lowest 
100 h r  weight gains resu l ted  i n  e a r l y  f a i l u r e s  with no apparent 
e f f e c t  of t i tanium concentration on the  2300°F l i f e .  

A s  expected, addi t ion of tantalum as  a secondary a l loying 
element had no s ign i f i can t  e f f e c t  on the  time t o  f a i l u r e  of any 
of the  a l loys .  I n  general,  the  r e s u l t s  ind ica te  t h a t  tantalum 
i n  t he  range of 0.5 t o  1.0 w/o may have provided s l i g h t  improvement 
i n  the  a l loys  wi th  Hf and T i  addit ions.  Alloy F27 does ind ica te  
t h a t  some possible synerg i s t i c  e f f e c t  may have occurred due t o  a 
combination of T i  and Hf . This a l l o y  w a s  s i gn i f i can t ly  more 
oxidat ion-res is tant  than any of t he  a l loys  which contained e i t h e r  
Hf o r  T i  alone. However, the  s ignif icance of t h i s  combination was 
masked i n  t h i s  a l loy.  One of the  F27 samples had very l i t t l e  



a t t ack  a f t e r  540 hr ,  whereas the  other  sample exhibi ted in tens ive  
a t t ack .  The reason f o r  t h i s  behavior i s  not c l ea r ,  assuming no 
segregation was present  i n  t h i s  a l loy,  but  may be r e l a t ed  t o  edge 
a t t ack  on t h i s  a l loy .  

A s  previously s t a t ed ,  analys is  of the  slope of the  weight 
gain curves i s  d i f f i c u l t  because of competing react ions  t h a t  a r e  
possible during exposure. These include oxygen consumption, oxide 
spa l l ing ,  vaporization of oxide and/or meta l l ic  species,  and a l l oy  
deplet ion due t o  edge e f f e c t s ,  spal l ing,  and possibly vaporization. 
Obviously, the  r e l a t i v e  importance of these fac tors  determines 
slope changes and other  d i s t i n c t  fea tures  of the  weight gain curves. 
The r e s u l t s  on the  Fe-Cr-A1 a l loys  which f a i l e d  ea r ly ,  however, 
does ind ica te  the  overriding e f f e c t  of oxygen a s  soon a s  the  sur-  
face  oxide layer  i s  penetrated. It w i l l  be subsequently shown i n  
the  supplemental microprobe examination (Section 111-B-4d) t h a t  
t h i s  layer  i s  r i c h  i n  A 1  03. The oxidation r e s u l t s  suggest t h a t  
the  major influence of t s e  al loying elements i s  associated with 
modification of t h i s  oxide. However, the  data  obtained i n  t h i s  
program were inadequate t o  define the  mechanisms by which the  
A 1  0 - r i ch  oxide was influenced by a l loying addi t ions .  Thus, it 
w a g  a o t  possible t o  define whether the  influence i s  mechanical 
(improved oxide adherence), or  an e f f e c t  more d i r e c t l y  associated 
wi th  oxide layer ,  such as  decreasing oxygen and ca t ion  d i f fus ion  
i n  the  oxide layer .  It i s  l i k e l y  t h a t  both e f f e c t s  occur i n  the  
various a l l oy  systems invest igated.  

The Fe-Cr-A1 a l loys  containing Y d id  permit some ins igh t  
i n t o  the  mechanism of oxidation. For most of the  other  a l loys ,  
the  oxidation l i f e  was independent of the  concentration of al loying 
l i m i t .  The oxidation da ta  fo r  Fe-Cr-A1-Y a l loys  suggest t h a t  t h i s  
i s  a l so  general ly  t rue  fo r  the  Y-containing a l loys .  However, 
sub t l e  d i f ferences  i n  appearance of these a l loys  d id  occur during 
the  oxidation t e s t .  During the  exposure period of about 100 t o  
600 h r  a l l  of the  Y-containing a l loys  had a smooth, l i g h t  gray 
oxide which did  not undergo any v i s i b l e  changes. A t  about 740 h r  
a l l oy  F22 (0.15Y) began t o  develop surface p i t s .  These p i t s  d id  
not  r e s u l t  i n  immediate f a i l u r e ,  although they a r e  probably r e s -  
ponsible f o r  the  higher t o t a l  weight gain fo r  t h i s  a l loy .  Further- 
more, as  the  exposure period reached 740 hr ,  a l l  of the  Y-containing 
a l loys  began t o  develop green spots  which slowly engulfed the  sample 
as the  exposure time increased. After  800 hr ,  the  F22 samples were 
completely greenish i n  color ,  whereas samples of F14 (0.25Y) and 
F23 (0.25Y-0.5Ta) had only areas of greenish oxide or  were only 
p a r t i a l l y  converted. A t  t h i s  point ,  edge and corner a t t ack  w a s  
observed on samples of a l l o y  F22 and F23. A l l  of these observations 
can be seen on the  samples of these  a l loys  i n  Figure 36. 

The p i t t i n g  defects  observed primari ly on a l l o y  F22 were 
probably due t o  local ized breakdown of the  A 1  0 - r i ch  oxide. It 
i s  s ign i f i can t  t h a t  these  defects  d id  not r e d 1 2  i n  rapid  oxidation 
of the  samples, as  would be expected based on the  behavior of the  



o the r  Fe-Cr-A1 a l l o y s .  The development of the  greenish  su r face  
oxide suggests  t h a t  t h i s  e f f e c t  was due t o  d i f f u s i o n  of  C r  and/or 
N i  e i t h e r  through the  oxide l aye r  o r  loca l i zed  de fec t s  i n  the  oxide 
l a y e r .  Thus, only i n  the Fe-Cr-A1-Y sys tem was an apparent wear- 
out  mechanism determined by d i f f u s i o n  k i n e t i c s  obtained.  The r e -  
maining Fe-Cr-A1 a l l o y s ,  wi th  the  poss ib le  exception of Fe-Cr-A1-Th 
a l l o y s ,  probably f a i l e d  as  a  r e s u l t  of the  l ack  of oxide adherence 
o r  c o n t i n u i t y .  The Fe-Cr-A1-Y a l l o y s  were the  t h r e e  b e s t  a l l o y s  
i n  the  800 h r  oxidat ion t e s t .  The i n d i c a t i o n  of wear-out shows 
t h a t  the  a c t u a l  l i f e  of the  b e s t  a l l o y s  was approached. Other 
add i t ions  and a d d i t i v e  concent ra t ions  should, of course,  be 
evaluated by anyone f u r t h e r i n g  t h i s  work. 

3 .  I n t e r d i f f u s i o n  Studies  

I n t e r d i f  fus ion  s t u d i e s  w e r e  conducted t o  eva lua te  the 
thermal s t a b i l i t y  of p o t e n t i a l  c ladding a l l o y s  and 'I'D N i  mater ia l s  
a t  2300°F. Three cladding a l l o y s  were s e l e c t e d ,  w i t h  approval of 
NASA, f o r  i n t e r d i f f u s i o n  evalua t ion  i n  con tac t  wi th  both TD Ni and 
TD N i C r .  A 1 1  of the s i x  claddinglsubs t r a t e  combinations were ex- 
posed a t  2300°F i n  argon f o r  100 h r .  Subsequently, the  time of 
exposure of two of these  combinations was extended t o  300 hr a t  
2300°F. Clad samples of the s i x  composites were evaluated by 
metallography, bend t e s t s ,  and microprobe examination as  f a b r i e a  ted 
and a f t e r  i n t e r d i f f u s i o n  a t  2300°F. 

The t h r e e  cladding a l l o y s  se lec ted  f o r  i n t e r d i f f u s i o n  
s t u d i e s  included F16 (0.5Ti) ,  F18 (1.OTa) , and NA13 (0.5Th) . 
Unfortunately,  f a b r i c a t i o n  of t h e  i n t e r d i f  fus ion  samples was i n i -  
t i a t e d  before  the  completion of the  800 h r  furnace oxida t ion  t e s t ,  
As a  r e s u l t ,  none of the  Fe-Cr-A1-Y a l l o y s ,  which had the b e s t  
oxida t ion  r e s i s t a n c e  a t  2300°F, was se lec ted  f o r  eva lua t ion ,  The 
two Fe-Cr-A1 a l l o y s  were se lec ted  t o  provide the  maximum dev ia t ion  
of minor add i t ions  a v a i l a b l e  i n  modified Task I and Task II a l l o y s ,  
The inf luence  of T i  on i n t e r d i f f u s i o n  was expected t o  be general157 
r e p r e s e n t a t i v e  a l s o  of Y ,  Th, and Hf. 

I n t e r d i f f u s i o n  couples were prepared by the  p i c t u r e -  
frame technique u t i l i z i n g  hot  r o l l i n g  as  t h e  method of bonding 
the  cladding t o  the  s u b s t r a t e .  Cladding a l l o y s  were ho t -  and 
cold- ro l led  t o  20 m i l  shee t ,  a s  previously descr ibed.  The cladding 
a l l o y s  and TD N i  ma te r i a l s  were polished through 320 g r i t  
paper, l i g h t l y  g l a s s  bead peened, and washed i n  acetone. P r i o r  
t o  assembling the  composite, a  t h i n  s t r i p  of Tho2 was painted on 
the  TD N i  and TD N i C r  s u b s t r a t e  as  a  d i f f u s i o n  marker. I t  was 
subsequently found t h a t  t h i s  was unnecessary s i n c e  the  o r i g i n a l  
c l add ing l subs t ra t e  i n t e r f a c e  was r e a d i l y  apparent meta l lographica l ly .  
Composites about 2  x  1 i n .  were then prepared by forming an en- 
velope and seam welding t h e  cladding a l l o y s  aicound t h e  0.060 i n .  
TD N i  and TD N i C r  s u b s t r a t e .  Following welding, the  composites 
were encapsulated i n  sea led  Vgcor tubes and b a c k f i l l e d  wi th  argon. 
They were then heated a t  2000 F f o r  15 min followed by hot  r o l l i n g  
immediately a f t e r  breaking the  g l a s s  capsule .  Encapsulation was 
intended t o  minimize oxida t ion  of the  cladding s u b s t r a t e  i n t e r f a c e  



p r i o r  t o  ro l l i ng ,  which would l i m i t  bonding of the  cladding. Hot 
r o l l i n g  consisted of a s ing le  pass wi th  a nominal reduction of 
60%. It was subsequently found t h a t  the  single-pass reduction 
resu l ted  i n  varying cladding and subs t ra te  thickness.  However, 
the  d i f fus ion  s tud ies  were primari ly intended t o  obtain qua l i t a t i ve  
i n t e rd i f fu s ion  data,  so t h a t  the  cladding thickness was not c r i -  
t i c a l  t o  in te rd i f fus ion  s tud ies .  

After  hot ro l l i ng ,  2 x 0.5 i n .  in te rd i f fus ions  specimens 
were sectioned from the  approximately 4 x 1.0 in .  c lad  composites. 
Samples fo r  bend t e s t ,  metallography, and microprobe examination 
were a l so  sectioned from the  hot- rol led  mater ia l .  The cladding 
surface was l i g h t l y  polished t o  remove any surface oxide and 
f i n a l l y  weighed fo r  determination of weight change during i n t e r -  
d i f fus ion.  The determination of any weight change during i n t e r -  
d i f fus ion  was p a r t  of the  contract  requirements. Consequently, 
in te rd i f fus ion  samples were contained i n  A 1  O3 c rucibles  during 
2300°F exposure. In t e rd i f  fusion samples wege heated i n  a 
Hastelloy X r e t o r t  containing Ti-get tered argon f o r  100 h r  o r  
300 h r  a t  2300°F. After  exposure, the  c lad  samples were weighed, 
bend tes ted ,  and sectioned f o r  metallographic and microprobe ex- 
amination. The r e s u l t s  of these  invest igat ions  a r e  included i n  
Section 111-B-4. 

A s  p a r t  of the  work scope, t e s t  samples of the three  
cladding a l loys  (F16, F18, NA13), TD N i ,  and TD N i C r  were expos( 
i n  argon a t  2300 '~  f o r  100 h r  t o  determine i f  any evaporation 
losses  could be measured. Test samples of the  th ree  cladding 
a l loys  were 2 x 0.5 x 0.01 in . ,  and were sectioned from the  cold- - 
r o l l e d  sheet  used fo r  oxidation samples. TD N i  and TD N i C r  samples 
were fabr ica ted from 0.060 in .  t h i ck  sheet  material .  Vaporization 
samples were l i g h t l y  polished though 320 g r i t  paper, washed i n  
acetone, and placed i n  aluminum crucibles  f o r  exposure a t  2300°F. 
The atmosphere w a s  slowly flowing, Ti-get tered argon, s ince  it w a s  
expected t h a t  a flowing system would a id  i n  the  migration of metal- 
l i c  vapor species away from the  t e s t  samples. Obviously, t h i s  
a l so  had the  e f f e c t  of increasing the  po ten t i a l  f o r  oxidation of 
the  samples due t o  oxygen and/or water vapor i n  the  argon. 

The r e s u l t s  of evaporation s tud ies  a r e  summarized i n  
Table 27. A l l  of the  vaporization samples exhibi ted weight gains 
during exposure. The vaporizat ion samp l e s  apparent l y  removed 
r e s idua l  impuri t ies  i n  the  argon without s ign i f i can t  evaporation 
of meta l l i c  species.  The th ree  cladding a l loys  had higher weight 
gains than TD N i  and TD N i C r ,  apparently because of aluminum and 
the  other  s trong oxide formers i n  these  a l loys .  It i s  interestTL- 
t h a t  the  weight gains of the  cladding a l loys  were about one-halF 
t h a t  obtained i n  a i r  a t  2300°F. Both of the  Fe-Cr-A1 cladding 
a l loys  indicated a s l i g h t  tenaency toward spa l l ing  of surface 
layers ,  Thus, it may be t h a t  the  oxidat ion behavior of Fe-Cr-A1 
a l loys  may be s ens i t i ve  t o  oxygen pressure, although both F16 and 
F18 a l so  had a tendency t o  spa11 s l i g h t l y  during a i r  exposure. 
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Also, a l l  of the  i n t e rd i f fu s ion  samples gained weight during i n t e r -  
d i f fus ion  i n  argon a t  2300°F s i m i l a r  i n  magnitude t o  t h a t  shown 
i n  Table 27. These r e s u l t s  suggest t h a t  evaporation of meta l l i c  
species from the  cladding a l loys  during exposure a t  2300°F was 
minimal and could not  be detected by gravimetric analys is .  

Supplemental Evaluation 

Chemical Analvs is  

Wet chemical analys is  was conducted on a l l  18 Task 11 
al loys  t o  compare the  ac tua l  composition wi th  the  nominal analys is .  
Samples fo r  chemical analys is  were sectioned from the  cold-rol led 
sheet  immediately adjacent t o  the  oxidation samples. Consequently, 
the  a l loys  were l e s s  subject  t o  the  sampling e r ro r s  discussed i n  
Section 111-A-6a. A s  previously, analyses of a l l  a l loys  except 
those containing Hf and Th were conducted by the  Charles C.  Kawin 
Company. Alloys wi th  Hf and Th addit ions were analyzed by 
William A. Fahlbush Associates.  

The r e s u l t s  of chemical analyses of Task I1 a l loys  a re  
summarized i n  Table 28. A l l  of the  analyses f o r  chromium and 
aluminum were reasonably c lose  t o  the  nominal analys is ;  i n  no case 
w a s  any major deviat ion obtained f o r  these  elements. The aluminum 
r e s u l t s  show t h a t  analyses by Kawin tended t o  be s l i g h t l y  higher 
and those by Fahlbush were s l i g h t l y  lower than the  nominal com- 
posi t ion.  These di f ferences  a r e  apparently due t o  the  ana ly t i ca l  
technique employed. A s  i n  Task I, the  concentrations of the  strong 
oxide formers Y, Hf, and Th obtained by chemical analys is ,  wi th  
the  exception of a l l o y  F14, were 0.05 t o  0.15 w/o lower than the  
nominal ana lys i s .  Titanium and tantalum determinations, however, 
were general ly  qu i t e  c lose  t o  the  nominal analys is .  Furthermore, 
the  concentrations determined f o r  Th by Fahlbush were much nearer  
the  nominal analys is  i n  nickel-base a l loys  than i n  the  Fe-Cr-A1 
a l loys .  

A poss ible  explanation f o r  these  di f ferences  l i e s  i n  the  
microstructures of the  various a l loys .  The reduction i n  the  minor 
al loying elements does not  appear t o  be due only t o  ge t t e r ing  of 
s trong oxide formers by oxygen during arc-melting. I f  t h i s  were 
t he  case, loss  of T i  could a l so  be expected. Rather, the  r e s u l t s  
tend t o  show t h a t  values lower than the  nominal analys is  occurred 
primari ly f o r  a l loying addit ions which were i n  excess of the  solu-  
b i l i t y  l i m i t .  Alloys containing T i  were a l l  single-phase, whereas 
those containing Y, Hf, and Th addit ions exhibi ted p rec ip i t a t e s ,  
presumably in te rmeta l l i c  compounds. Thus, the  ana ly t i ca l  techniques 
used may have dist inguished between the  addi t ion i n  the  s o l i d  solu-  
t i o n  from t h a t  i n  the  p rec ip i ta ted  form because of d i f ferences  i n  
so lu t ion  r a t e .  From the  da ta  i n  Table 28, t h i s  p o s s i b i l i t y  appears 
t o  be a b e t t e r  explanation f o r  the  low analyses f o r  Y, Th, and Hf. 
These conclusions probably apply a l s o  t o  Task I a l loys ,  although 
the  compositional da t a  f o r  Task I a l loys  mav have had more tendency 
toward sampling e r ro r s .  



I b *  Metallography 
I 

1 1 )  Qxtdation Test.. Specimens 
I 

Metallographic samples were sectioned from one of the  
t r i p l i c a t e  furnace oxidation samples f o r  surf  ace recess ion and 1 
oxide penetra t ion depth measurements as i n  Task I. MetallographLc 
measurements were i n i t i a l l y  scheduled a f t e r  100, 400, and 800 hr l  
of furnace exposure. However, a l loys  which f a i l e d  between these 
times were examined a t  the  time of removal from the  t e s t  program. 
A s  previously discussed, sect ioning of metallographic samples 
tended t o  cause accelerated a t t ack  a t  the  new edge of some of the  
metallographic samples. Thus, the  metallographic sample had 
grea te r  a t t ack  than the  two weight change samples of the  a l l oy  i n  
some cases.  Furthermore, because of the  tendency toward edge 
a t t ack  on some mater ia ls ,  the  metallographic measurements could 
be made only on the  por t ion of the  sample which had some remaining 
metal. For these  reasons, measurements may not have been repre-  
sen ta t ive  a t  the  time of removal f o r  the  a l loys  which were removed 
from the  ox'idation t e s t  p r i o r  t o  800 h r .  

A summary of metallographic measurements of the  metal 
r e c e s s i o n  and oxide penetra t ion depths of Task I1 a l loys  during 
cyc l i c  furnace oxidation a t  2300°F i s  presented i n  Table 29. 
These da ta  show t h a t  complete oxidation of the  metallographic , 
sample occurred on four a l loys  a t  the  time of removal from t e s t i p g  
(F29, F16, F31, NA17). The metal recession and maximum depth of 1 
penetrat ion f o r  the  various a l loys  general ly  corresponds with I 

1 Task I1 weight change da ta  and metallographic measurements i n  
Task I. One di f ference ,  however, exis ted  f o r  Fe-Cr-A1 a l loys  

jwith i Hf addi t ions .  e -pene t ra t ion  of the  f! m i l  sample by1 
1 i n t e r n a l  oxidation m L-AI a m d - E % j  which 
id id  not occur on t m i 1  samples i n  Task I. Interna  , oxi- 
dat ion w a s  a l so  v i  oughout a l l  other  Fe-Cr-A1 a l loys  a t  I 

t he  time of it varied 
i n  extent .  I n  no as  wel l  defined i n l  
Fe-Cr-A1 a l loys  as  the  res is tande of 
Fe-Cr-A1 a l loys  t o  on the  dresence 
of an adherent r a t e s  ifor a l l  

a Fe-Cr-A1-Y a l loys  7s p i t t i  g on ! 1 a l loy  F22 i s  r e f  legted i n  the  r e l a t i v e l y  high depth of pen t r a t i b n  
of 3.5 m i l s .  I n  con t ras t ,  a l loys  F14 and F23 had depth of oxide 
penetrat ions of only 1.0 t o  1.5 m i l s  i n  800 hr .  

I -- 

I 
Table 29 a l so  indicates  a s i g n i f i c a n ~  d i r ie rence  In the  

depth of ox{daticjn of TD N i  and TD N i C r  t ha t  i s  not  apparent i n  
Figure 37. S i sqa l ly ,  the  TD N i C r  sample eevealed a considerable , change i n  dimensions whereas the TD N i  sample had l i t t l e  a p p a r a t  

I dimensional change. Metallographically,  the  depth of oxidat ion 
on TD N i  was approximately three  times tha t  of TD N i C r ;  the  mea- l sured metal recession fo r  TD N i  and TD N i C r  was 18 and 5.5 mila, 

! respectively.  However, the  TD N i C r  specimen had i n t e r n a l  porosi tv 
1 come l y  throughout 'he s; ! a f t  8 0 0 h r .  

7 



. - . - The microstructures of se lec ted  Task I1 a l loys ,  TD N i ,  
and TD N i C r  after various exposure times are presented i n  Figures -r 
44 through 51. ~etallGr>$i~'csamples w e r e  e lec t rop la ted  ~1- 
nicke l  p r io r  t o  polishing.  Alloy F8 a f t e r  100 and 320 h r  is  
shown i n  Figure 44. Both microstructures i l l u s t r a t e . t h e  absencd 
of an adherent oxide layer  and local ized penetra t ion approximatqly 
though one-half of the  sample thickness a f t e r  320 h r  (Fig. 44b). 

Microstructures of a l l o y  F14 a t  100, 400, and 800 h r  
a r e  presented i n  Figures 45 and 46. These s t ruc tu re s  represent  
a l l  of the  Fe-Cr-A1-Y a l loys  (F14, F22, F23) a t  these  conditions,, 
except f o r  a l l o y  F22 after 800 h r .  The oxidation samples d isplay 
an adherent oxide layer  and the  absence of any s ign i f i can t  in-  
t e r n a l  oxidation a t  a l l  exposure conditions. Figure 46b shows 
the  e f f e c t  of p i t t i n g  on a l l o y  F22 a f t e r  800 hr .  I n t e rna l  oxi- 
dat ion occurred on t h i s  a l l oy  i n  the  region of p i t t i n g ,  althoug2 - 
m e t 4 1  recession i s  not extensive. These defects  may a l so  have in -  
fluenced bend d u c t i l i t y  (as w i l l  be discussed i n  Section 111-B-4e). 

Alloy F27 a f t e r  100 and 540 h r  i s  shown i n  Figure 47, 1 

and a l l o y  F30 a f t e r  400 and 760 h r  i s  presented i n  Figure 48. 1 

Alloy F31 a f t e r  400 and 760 h r  i s  shown i n  Figure 4 9 .  A l l  of i 
these  a l loys ,  and the  other  a l loys  which f a i l ed ,  show a s imi la r  ' 
oxidation behavior during the  furnace oxidation test. After  
100 hr ,  very l i t t l e  a t t ack  of the  oxidat ion samples i s  apparent,/  
as  shown i n  Figure 47a. A s  the  exposure t i m e  increases,  local izbd 
defects  a r e  developed i n  the  p ro tec t ive  oxide (Fig. 47b), which 1 
subsequently caused s ign i f i can t  oxidation, as  shown i n  F.igures 48b 
and 49a. F i n a l l  
vided t h a t  the  s 

. Obviously, the  mic 
represent  only a g 
of Fe-Cr-A1 a110 
may have occurre 
bas i s  f o r  edge a 
removed from t e s  

face  defects  do not  cause the  general ized a t t ack  observed i n  I 
Fe-Cr-A1 a l loys;  metal recession is general ly  uniform t o  540 hr .  
Thus, the  metallographic s t ruc tu re s  c o r r e l a t e  with the  weight 
change da ta  i n  t h a t  the  nickel-base a l loys  a r e  not subject  t o  the  
abrupt f a i l u r e  common t o  Fe-Cr-A1 a l loys .  



-. - - - 

I ~ T D  N i  and 'I'D N i C r  samples a f t e r  800 h r  are shown i n  
Figure 51. The th ick oxide layer  on each s i d e  of the  TD N i  
smmple (Fig. 51a) i s  g r ea t e r  than the  thickness of remaining 
m e t a l ?  I n  - cont ras t  - -  L TD N i C r  shows no adherent - oxide . - - and - small r ' 

spher ica l  voids a r e  dispersed throughout the  sample. In  some cases,  
the  spher ica l  p a r t i c l e s  appear t o  be f i l l e d  with oxide. Con- I 
sequently, the  i n t e r n a l  s t ruc tu re  appears t o  be a combination of r Kirkendall poros i ty  due t o  chromium deplet ion and i n t e r n a l  oxi- 1 

I dation.  
/ - 

(2) x e r d i f  fusion Saplples ' m  
u, Dif £us ion couples were examined metal lographical ly In  

I the  as- fabr ica ted s t a t e  and a f t e r  exposure a t  2300 '~  f o r  e i t h e r ,  
100 or  300 h r .  A l l  of the  s i x  d i f fus ion  couples were in te rd i f fqsed  
f o r  100 h r .  Subsequently, the  F ~ / T D  N i  and N A Z ~ / T D  N i  compositeis 
were exposed f o r  300 hr .  Examination of d i f fus ion  couples i n  t e Y hot- rol led  condition was intended only t o  determine the  cladding 
thickness and the  ef fect iveness  of hot r o l l i n g  i n  obtaining a , 
good c laddinglsubst ra te  bond. These samples were sectioned from 
the  end of the  nominal 2 x 0.5 x 0.060 in .  d i f fus ion  couples. 
Metallographic and e lec t ron  microprobe samples a f t e r  in te rd i f fus ion  
were sectioned from the  ends of the d i f fus ion  couples p r io r  t o  
bend t e s t i ng .  

I 

I 

The r e s u l t s  of metallographic examination of diffusion1 
samples a r e  summarized i n  Table 30. I n  the  as-fabricated con- ~ 
d i t i on ,  the  cladding thickness,  with the  exception of F18 on 1 
TD N i ,  was between 12 and 14.5 m i l s .  Similarly,  the  subs t ra te  ' 

thicknesses v 
these general  

This sample was 
sample exposed 
was about 10 m i  
bonding a f t e r  h 
i n t e r f ace  marker 

I 
! Metallographic measurements on in te rd i f fused  samples 
iwere intended t o  provide a de f in i t i on  of the  extent  of i n t e r -  
J di f fus ion  which could be detected v i sua l ly .  Obviously, measure- 
!merits of the  width of the  s o l i d  so lu t ion  zone a r e  subject  t o  
jvariat ion depending on the  etching technique employed. Table 30 
1 

- - 



shows t h a t  a zone of poros i ty  exis ted  a t  o r  near the  o r ig ina l  
I 

c laddinglsubst ra te  in te r face ,  p a r t i c u l a r l y  f o r  Fe-Cr-A1 claddingl 
a l loys .  This poros i ty  i s  apparently a Kirkendall  e f f e c t  r e s u l t -  
ing from the  extensive i n t e rd i f fu s ion  t h a t  occurs a t  2300°F. 
Alloy F16 (0.5Ti) had a g rea te r  tendency f o r  the  development of 
a well-defined porous zone than F18. Alloy F18 had random poro- 
s i t y  throughout the  cladding t h a t  i s  not wel l  defined i n  Table 30, 
but w i l l  be shown i n  subsequent microstructures.  Furthermore, 
poros i ty  was more extensive wi th  TD N i  than with TD N i C r  subs t ra te  

- -  - - 

Comparison of the  subs t ra te  thickness i n  Table 30 as- 
fabr ica ted and aflter exposure indicates  t h a t  the re  i s  only a minor 
reduction i n  subs t ra te  thickness a f t e r  exposure. Consequently, 
the  porous zone ex i s ted  primari ly a t  the  o r i g i n a l  cladding interl- 
face  and wi thin  the  cladding a l loys .  This i s  r e f l ec t ed  i n  a 

1 reduction i n  indicated cladding thickness during exposure f o r  
Fe-Cr-A1 a l loys .  The nickel-base a l l o y  NA13 i n  combination wi th  1 e i t h e r  TD N i  o r  TD N i C r  did not  present a well-defined porous zone, 

I except perhaps f o r  the  TD Ni/NA13 sample in te rd i f fused  fo r  300 hi. / This i s  not surpr is ing considering the  number of possible ca t ions  
t d i f f u s i n g  i n  the  various composite systems. Obviously, the  numbkr 1 of d i f fus ing  species decreases as  the  subs t ra te  and cladding 
1 approach equivalence i n  composition. Excluding aluminum, the  
1 possible d i f fus ing  species var ies  from three  (Fe, C r ,  Ni) f o r  the  
l combination of iron-base a l loys  and TD N i  and t o  none fo r  the  
sys t e m  NA13 I (20 w/o Cr) /TD N i C r  (20w/o Cr) . Similarly,  the  number 
of d i f fus ing  spectes a r e  two (Fe, Ni) f o r  the  system ~ e - ~ r - ~ l /  
TD N i C r  and lone (Cr) f o r  the  system N A ~ ~ / T D  N i .  Obviously, both 
aluminum and the minor addi t ion a l s o  w i l l  tend t o  d i f f u s e  from 
the  cladding i n t o  the  subs t ra te .  Even i n  the  case  of iron-base 
a l loys  and 'qD N i C r ,  -some _chromium dif fus ion,  occurs s ince  the  c lad-  

- 

ding contains 25 w ~ F 0  W / O  chromium. l; n- 
sequently, $t i s  n t surpr i s ing  t h a t  g rea te r  poros i ty  ex i s  s i n  , i the iron-base s y s t  m s .  The general  r u l e  t h a t  Kirkendall p % r o s i t j  
ex'ists on the  s ide  of the  d i f fus ion  couple containing the  f a s t e r ,  
d i f fus ing  species s indicated by the  da t a  
Table 30. 

! 
of the  s i x  d$f fusion couples as  -$abricated 

a t  2300°F are presented i n  Figured 52 t b  
iron-base cladding a f t e r  exposure shown 
demonstrate the  extensive i n t e r f , c i a l  A 

s t ruc tures .  Etching tends t o  a 9 l i f y  
the  i n t e r f a c i a l  po osicy b e c a m  OF d i m a i  s d m i m r r a t e s .  
This e f f e c t  i s  a l so  evident a t  the  i n t e r f ace  of the  as- fabr ica ted 
specimen. Consequently, considerably l e s s  poros i ty  i s  evident i n  
the  unetched condit ion than t h a t  indicate9 i n  Figures 52 through 
55. This i s  a l s o  demonstrated by the  180-4t bend t e s t s  described 
i n  Section 111-B-4c. 



Tqe microstructures of NA13 i n t e r d i f  £us ion samples ard 
shown i n  Figure 56 and 57. I n  con t ras t  t o  iron-base claddings, 
no well-defined i n t e r f a c i a l  poros i ty  e x i s t s  i n  these systems. 1 

Both o f  the  d i f fus ion  couples exhibi ted dispersed porosi ty  i n  the  
cladding layer ,  but poros i ty  i s  more extensive i n  the  NA13/TD N% 
sample. This i s  cons i s ten t  with the  above discussion on i n t e r -  ' 
di f fus ing  species,  s ince  chromium and aluminum can d i f fuse  i n to  
the  TD N i  subs t ra te  and only aluminum i n t o  the  TD N i C r  subs t ra te .  
There i s  a l so  a tendency f o r  d i f fus ion  of n ickel  i n t o  the  clad- 
ding i n  the  NA13 (76 w/o N ~ ) / T D  N i  (98 w/o Ni) composite because 
of the  n icke l  gradient  t h a t  e x i s t s  i n  t h i s  system. This probabzy 
accounts fo r  the  l imited porosi ty  on the  subs t ra te  s ide  of the  , 
i n t e r f ace  i n  Figure 56. Again, poros i ty  i n  the  cladding layer  
i s  probably amplified by etching of the  metallographic samples. 

I 
I The microstructures of the  F ~ ~ / T D  N i  and N A ~ ~ / T D  N i  , 

clad composites a f t e r  300 h r  a t  2300°F a r e  shown i n  Figure 58. 
No major d i f ferences  e x i s t  from the  s t ruc tu re s  shown a f t e r  100 
There i s  an apparent tendency f o r  pores t o  coalesce wi th  increasj- 
ing exposure time i n  both systems. Furthermore, a l i n e  of poro- 
s i t y  a t  the  i n t e r f ace  is  now apparent a f t e r  300 h r  i n  the  NA13/ 1 
TD N i  microstructure. The N A ~ ~ / T D  N i  d i f fus ion  couple shown i n  
Figure 58b does demonstrate t h a t  the  o r ig ina l  cladding thickness 
w a s  l e s s  on t h i s  specimen than on the  sample exposed a t  100 hr  - - 

(Fig. 56b). 
- 

c .  Bend Test 

(1) Oxidat ion Specimens 

Bend t e s t s  were conducted on a l l  Task I1 a l loys  as- I 

fabr ica ted  and a f t  r cyc i i c  turnace exposure a t  2 3 0 0 ' b ' .  N 
vis ion  was made t o  rovide an add i t iona l  sample f o r  180' -4 
t e s t i ng .  Conseque ly,  bend t e s t s  i n  the  exposure conditidm were 
performed on oxid on samples a t  the  t i m e  of removal 
furnace oxidat ion s t .  A s  a r e s u l t ,  bend t e s t s  
the  influenae of t e oxidation--i .e. ,  

these areas .  
t 

I 
dat ion had progres ed  t o  the  point  t h a  

I 
i 

of the  r e s u l t s  of bend t e s t s  and micro ardness I' k I1 a l loys  i s  exh ib i t ed  i n  Table 31. , A l l  of 
the  Fe-Cr-A1 alloyp were duc t i l e  a f t e r  cold ro l l i ng ,  
nickel-base a l loys  cracked durtn bend ie-s 
due t o  the  g rea t e r  work hardenin: of nickel-base a l loys  as shown 
by microhardnesses of about 430 DPH f o r  these a l loys  and about 
330 DPH f o r  the  iron-base a l loys .  The nickel-base a l loys  were 
duc t i l e  a f t e r  annealing the  cold-rol led  mater ia l  a t  2150°F f o r  
15 min. The di f ference  i n  bend d u c t i l i t y  of cold-rol led  and 
annealed NA13 a l loy  i s  shown i n  Figure 59. Cold-rolled nickel-  
base a l loys  cracked on the  tension s i d e  of the  bend, but  no separa- 
t i o n  occurred (Figure 59a) . After  annealing, the  nickel-base -- - 



a l loys  exhibi ted excel lent  bend d u c t i l i t y  as shown i n  Figure 59b, 
which a l so  represents  the  behavior of a l l  the  iron-base a l loys .  

1. I 

Bend d u c t i l i t y  da ta  i n  Table 31 a f t e r  ox~dat?on exposire 
are inf luenced by the  degree of oxidation of the  various a l l o y s , . ~  
as previously discussed. Consequently, the  influence of compos x- 
t i o n  and/or meta l lurgical  s t ruc tu re  on bend d u c t i l i t y  cannot be 
defined i n  some cases.  It i s  l i k e l y  t h a t  some of the  bend f a i l u r e s  
were associated wi th  local ized defects  and/or i n t e r n a l  oxidation 
r e su l t i ng  from the  defects .  In cases where complete oxidation 
exis ted ,  obviously abrupt f r ac tu re  of the  bend sample occurred. 
However, as  a ru l e ,  samples which had b r i t t l e  f a i l u r e s  were duc t i l e  
i f  the  bend sample was posi t ioned so t h a t  an area  wi th  minimal 
oxidation was placed i n  the  region of maximum s t r a i n .  Thus, it 
can be concluded t h a t  a l l  of the  bend samples exhibi ted some degkee 
of d u c t i l i t y .  

Bend data  i n  Table 31 cannot be compared wi th  the  r e s u l t s  
f o r  modified Task I a l loys  a f t e r  oxidation exposure. . Furthermore, 
the  influence of tantalum on the  bend d u c t i l i t y  cannot be wel l  
defined, but  some indicat ions  a r e  apparent. Of the  th ree  Y- 
containing Fe-Cr-A1 a l loys  (F14, F22, F23), only the  F23 (0.5Ta) 
a l l oy  did npt  su f f e r  any cracking a f t e r  exposure. Extension of 
t h i s  analys is  t o  Fe-Cr-A1 a l loys  containing T i  does not r e s u l t  
i n  such a well-defined conclusion. Only one of the  two Fe-Cr-A1 
a l loys  containing both T i  and Ta (F25, F26) was completely ductiile 
a f t e r  exposure (F25). Furthermore, of the th ree  Fe-Cr-A1 a l l o y s ~  
wi th  only T i  addit ions (F8, F16, F24), two exhibi ted some crackibg 
and the  sample wi th  the  highest  T i  addi t ion (F21) w a s  duc t i l e  I 
a f t e r  exposure. Since the  a l loys  wi th  T i  addit ions were oxidizekl 
t o  g rea te r  degree than Fe-Cr-A1-Y al loys ,  bend da ta  fo r  T i -  - --- - -T - m r e  s#bjec_t - t o  - i % f G n c e  of oxidation e f f e c t s .  
Thus, the  in--improving room-temperat r e  

wel l  defined, although the  da ta  I 
improving d u c t i l i t y .  

I Y 4, 

The dive gence of s t  da t a  f o r  10 m i l  Bamples 
a f t e r  exposure can be a t t r i b u t e d  t o  t o r s  other  than loc+lized 
i n t e r n a l  oxgdation During aluminum and the  minor t addit ions tend t o  i f  fuse  t o  in te r face .  ~ b v i o u s l y ,  
the  r a t e  of d i f f u s ~ o n  of the  various al loying elements var ies .  
The 2300°F qxposur# temperature and time i n  the  furnace ar4 pro- 
bably s u f f i c i e n t  t rovide s ign i f i can t  a l l oy  deplet ion foq most 
of the  a l loying ad lons. xnus, o ~ ~ ~ c t s - t o  
lower the  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature f o r  a l l  of 
the  Task I1 a l loys  through a l l o y  deplet ion wi thin  the  metal. The 
extent  of deplet ion i s  obviously a function of the  sample th ick-  
ness and i s  a probable reason t h a t  the  bend d u c t i l i t y  of oxidized 
Fe-Cr-A1 a l loys  i s  dependent on sample thickness.  Comparison of 
Task I and Task I1 da ta  suggests t h a t  a l loys  which were b r i t t l e  
i n  0.060 in .  samples a r e  more duc t i l e  a s  oxidized 10 m i l  sheet .  



1 
(2) D i f f u s ~ o n  Couples - - - 1. 4 Bend tesks and icrohardness measure m t s  @egs qerfo-ed 
on i f f u s i o  couples as  hot  r o l l e d  and a f ' e r  noldidg m. a~god a t  
2300'~. M i  roKardness surveys could not be conducted across the, I cladding-su strate in t e r f ace  because of the  porosi ty  present  aftler .'+, , 
exposure. s a r e s u l t ,  microhardness measurements were made on19 

. within  the  por t ion of the  cladding which was f r e e  from porosi ty  ' 
and a t  the  &enter  of the  subs t ra te .  The r e s u l t s  of microhardnes/s 

6; 
I 

measurement and bend tests a r e  summarized i n  Table 32.  Photo- , I 
graphs of t e bend-tested d i f fus ion  couples a f t e r  exposure a r e  
presented i Figure 60. I I I 

1 Mlcrohardness measurements i n  Table 32 indicated t h a t  ! 
a l l  of the  &ladding a l loys  decrease i n  hardness during exposure.! 
The decreas4 i n  hardness of the  cladding tended t o  be g rea te r  on1 
TD N i  subs t ra tes .  This can be expected because of d i f fus ion  of ' 

chromium i n t o  the  subs t ra te  on TD N i  composites. It is expected, 
however, t h a t  the  major p a r t  of the  hardness reduction i s  due to1 
d i f fus ion  04 aluminum from the  cladding. Change i n  the  substrake 
hardness af.trer exposure was l e s s  than t h a t  of the  cladding ldyer.  
One reason f o r  t h i s  e f f e c t  i s  t h a t  the  subs t ra te  thickness was 
considerably g rea t e r  than the  cladding thickness so  t h a t  a l l o y  
deplet ion i h  the  cladding layer  i s  not r e f l ec t ed  i n  a comparable 
increase i n  subs t ra te  composition. TD N i ,  however, general ly - 

increased i n  hardness during exposure whereas TD N i C r  decreased 
i n  hardness. Furthermore, some increase i n  hardness of the  TD N i  
and TD N i C r  may have occurred during hot r o l l i n g  and subsequently 
decreased b annealing during exposure. This p o s s i b i l i t y  can 

obtained. 
explain some of the  var ia t ion  i n  subs t r a t e  hardness t h a t  was 

--- 

t i 
Bend t e s  s of d i f fus ion  couples as-hot-rol led an 

exposure resu l ted  n somewhat surpr i s ing  behavior. Table 
t h a t  separat ion of the  cladding and subs t ra te  occurred i n  i of the  as - fabr ica t  d bend samples on t e tension%side of t 
men. This may hav been due, i n  pa r t ,  t o  the  locat ion of 
fabr ica ted  bend s a  l e s  i n  the  ho t - ro l  ed composite. Th 
were sectioned f r o  t he  ends of the  ho - rol led  composite 
bonding may not ha e been continuous. t h i s  w a s  l j k e l y  
only f o r  the  F18/TD N i C r  specimen which separated on both s ides  

' 

durfng bend t e s t i ng .  The-remaining th ree  f a i h r e s  of as-f4bricated 
bend samples were Probably the  r e s u l t  of l imi ted in te rd i f fys ion  
during hot ro l l i ng .  I I 

I n  s p i t e  of the  extensive porosi ty  a t  the  in te r face ,  1 
only one separat ion of the  cladding and subs t ra te  occurred on 
exposure samples. This separat ion occurred on the  compression 
s ide  of the  F ~ ~ / T D  N i  composite as  shown i n  Figure 60. The nature  
of the  separa t ion of the  F ~ ~ / T D  N i  sample indicated t h a t  it was 
due t o  incomplete bonding a t  one end of the  sample which w a s  pro- 
pagated by the  bend tes t .  This i s  supported by the  tendency of 



3s-fabricated samples t o  f a i l  on t h e  tens ion  s i d e .  Thus, the  
poros i ty  apparent  i n  the  micros t ruc tures  i n  F igure  52 through 581 
did n o t  r e s u l t  i n  sepa ra t ion  of t h e  cladding from the  s u b s t r a t e . ,  

d . Microprobe Examination 

(1) Furnace Oxidation Specimens 
I 

Oxidation. samples of se lec ted  a l l o y s  were examined i n  / 
t he  e l e c t r o n  microprobe i n  both the  as- fabr ica ted  and oxidized 
condi t ion .  Because of t h e  number of samples examined, ex tens ive  
ana lys i s  was n o t  poss ib le  on any of  the  a l l o y s .  Microprobe exam- 
i n a t i o n  normally cons is ted  of a  s i n g l e  scan across  the  sample f o r  
each of the  major and minor elements i n  the  a l l o y .  The minor 
a l loy ing  elements could not  always be de tec ted  because of t h e i r  
l a w  concent ra t ion .  Minor a l loy ing  elements were normally only 
de tec ted  i n  a l l o y s  i n  which these  addi t ions  were concentrated i n  
i n t e r m e t a l l i c  compounds o r  a t  the  sur face .  D e f i n i t i o n  of alumi-1 
num was a l s o  l imi ted  i n  some cases  because of a  r e l a t i v e l y  high 
d e t e c t i o n  l i m i t  of 1-2 w/o i n  the  cladding a l l o y s .  This i s  
because of high absorpt ion  of low energy aluminum r a d i a t i o n  of 
t h e  a l l o y  r e s u l t i n g  i n  a low i n t e n s i t y  f o r  aluminum. I 

A summary of the  microprobe da ta  f o r  as - fabr ica ted  c l a d -  
ding a l l o y s  i s  presented i n  Table 33.  I n  accordance w i t h  the  cob- 
t r a c t  requirements, 8 of t h e  18 cladding a l l o y s  were examined i n  
t h e  a s - fabr i ca ted  condi t ion .  Alloys s e l e c t e d  and approved f o r  
examination included the  a l l o y s  which were a l s o  scanned i n  more ' 

d e t a i l  i n  the  oxidized condi t ion  and/or were used f o r  i n t e r d i f f u i  
s i o n  s t u d i e s .  Alloy F18 (1.25Ta) r ep resen t s  the  l a t t e r  c a s e .  A+ 
at tempt  was made t o  include any meta l lographica l ly  v i s i b l e  prec ip-  
i t a t e s  i n  the  micr 
microprobe ana lys  i 
t o  provide some i n  

i 

decrease  i n  i n t e n s i t y  of both  Fe and C r ,  bu t  had no apparent e f f e c t  
on t h e  A 1  i n t e n s i t y .  This suggests  t h a t  the  p a r t i c l e s  may be a  1 
complex Fe-Cr-Y i n t e r m e t a l l i c  compound and not  Fe9Y as might be , 
expected. I f  t h e  p a r t i c l e s  were FegY, the  intensity of t h e  i r o n  
scan i n  the  p a r t i c l e s  should increase ,  s i n c e  t h e  concent ra t ion  of  
i r o n  i n  FegY i s  g r e a t e r  than t h a t  of the  s o l i d - s o l u t i o n  matr ix .  
These r e s u l t s ,  however, a r e  only q u a l i t a t i v e  because of the  l imi ted  
microprobe work t h a t  was performed. 



Microprobe examination of the  two Fe-Cr-A1 a l loys  con- 
t a in ing  T i  addi t ions  (F16 and F28) and the  Fe-Cr-A1 containing 
Ta (F18) indicated t h a t  both of these  a l loys  were s o l i d  solut ions .  
The i n t e n s i t y  of both major and minor elements i n  these a l loys  
w a s  uniform across the  samples. 

Examination of the  two Fe-Cr-A1 a l loys  containing Th 
(F29, F31) and NA13 resu l ted  i n  s trong peaks i n  the  Th scan f o r  
a l l  th ree  a l loys .  The Th s o l u b i l i t y  l i m i t  was a l so  exceeded i n  
these  a l loys .  The change i n  i n t e n s i t y  a t  these p rec ip i t a t i on  
s i t e s  was considerably grea te r  than f o r  the  Y peaks i n  Fe-Cr-A1 
a l loys .  This may have been due t o  composition and la rger  p a r t i -  
c l e s ,  as  wel l  a s  the  higher atomic number of Th. As i n  Fe-Cr-Al-Y 
al loys ,  Th peaks were a l so  associated with a minor decrease i n  
Fe and C r  i n t ens i ty ,  a s  expected. These decreases, however, weqe 
not s u f f i c i e n t  t o  suggest t h a t  t he  p a r t i c l e s  were thorium-rich. 
Rather, the  r e l a t i v e  i n t e n s i t i e s  of t he  p rec ip i t a t e s  and matrix 
suggested t h a t  the  p a r t i c l e s  were complex Fe-Cr-Th in te rmeta l l i c  
compounds. I n  con t ras t ,  the  Th peak i n  NA13 was associated with 
a much grea te r  decrease i n  C r  i n t e n s i t y  i n  comparison t o  t h a t  09 
N i .  Thus, the  p a r t i c l e s  i n  NA13 appeared t o  be a Ni-Th compound. 
Again, these observations a r e  q u a l i t a t i v e  s ince  no quant i t a t ive  I 

measurements could be attempted. 

The r e s u l t s  of e lec t ron  microprobe examination of oxi-l 
da t ion samples a f t e r  exposure a r e  summarized i n  Table 34. A I 

t o t a l  of 18 approved samples were examined i n  the  oxidized con- I 
d i t i on .  The specimen se lected f o r  analys is  consisted of the  a l lbys  
wi th  the  bes t  oxidation res i s tance  and were intended t o  indicate '  
any detectable  influence of exposure time on the  compositional 
p ro f i l e .  Accordingly, the  microprobe specimens were concentrated 
on Fe-Cr-A1-Y, Fe-:r-~i-'l'h, and = - ~ r - A i - - ~ h  a l loys .  A s  i n ]  as-  
fabr ica ted samples, the  majori ty of the  analys is  consistedjof  a 
s ing l e  scan across,  the  specimen. 1 

vealed t h a t  a l l  Fe-&-A1 , 
a l loys  developed a surface oxide. Thts has 
been reported fo r  the  good oxidat+on , 
res i s tance  of ttempt was made t o  compare 
the  A 1  surface with the  oxide thiqkness: 
measured tha t  the  peak 

be grea te r  than 
the  ac tua l  thickne e surface  oxide due t o  s ca t t e r ing  e f f e c t s .  
Although the  A 1  pe ~ ~ d d - t c r m P i n g  ex- 
posure time, espec ia l ly  i n  the  time i n t e r u a l  100-400 hr ,  the  peak 
in t ens i ty  d id  not increase s i g n i f i c a n t l y  wi th  time. Thus, it 
appears t h a t  the  surface layer  d id  not  increase i n  aluminum con- 
cen t ra t ion  a f t e r  100 h r .  The thickness of the  A 1  0 - r i ch  oxide 
layer  estimated hom the  microprobe scans i s  inc?uied i n  Table 34 .  ' 

These measurements were made a t  the  base of the  A 1  surface  peak,/ 
and compare reasonably wel l  wi th  the  oxide thickness of Fe-Cr-A1 
a l loys  i n  Table 29. I 



A l l  of the  ~ e - ~ r - A 1 - Y  a l loys  (F14, F22, F23) were ex- 
amined a t  100, 40kand 800 hr ,  except the  400-hr F23 sample. In  ./ 
general,  the  microprobe scan indicated very l i t t l e  change wi th  
increasing time, except t h a t  the  width of the  A 1  0 surface  peak 
increased from 100 t o  400 h r .  A l l  of the  sample8 axhibi ted a 
decrease i n  the  Fe, C r ,  and Y i n t e n s i t y  i n  the  region of the  A 1  
surface peak. Furthermore, the  i n t e n s i t y  of Fe, C r ,  and Y gener- 
a l l y  remained constant across a l l  of the  samples, wi th  one ex- ' 

ception.  The F22 samples exposed 800 hr  had a minor increase i n  
chromium and a decrease i n  i ron  i n t e n s i t y  j u s t  beneath the  Al-r ich 
surface layer .  A s imi la r  tendency was suggested by the  microprobe 
scans fo r  the  F14 sample a f t e r  800 hr ,  but not the  F23 specimen. 
This e f f e c t  is  not  surpr i s ing  i f  it i s  reca l led  t h a t  the  Fe-Cr-Y-A1 
a l loys  developed a green discolora t ion a f t e r  about 700 h r .  Thus, 
it appears t h a t  the  green discolora t ion was due t o  chromium oxide 
r e su l t i ng  from C r  d i f fus ion  through the  oxide layer .  The increase 
i n  chromium i n t e n s i t y  therefore  suggests t h a t  a s l i g h t l y  chromia-  
r i c h  oxide w a s  developed beneath the  A1203 surface layer  a f t e r  , 
about 700 h r .  

I n  no case was any s ign i f i can t  Y concentration observdd 
i n  any of the  oxidized samples. The Y-containing p rec ip i t a t e s  
observed i n  as-fabricated a l loys  could not  be detected a f t e r  
100 hr, nor a f t e r  subsequent exposure. These r e s u l t s  suggest 
t h a t  the  Fe-Cr-Y p rec ip i t a t e s  were dissolved, presumably be cause^ 
of a deple t ion of Y i n  s o l i d  so lu t ion  due t o  migration t o  the  
surface  oxide. In  no case, however, was any Y concentration 
observed i n  the  oxide layer  i n  any of the  samples. Thus, the  
r o l e  of Y i n  improving the  oxidation res i s tance  could not be as-  
cer ta ined from the  microprobe data .  

scud or  p a r t i c i e s  present  In metaiiogSaphic 
ed £0: Y-containing a l loys .  This w a s  a com- 

the  p a r t i c l e s  i n  the  e lec t ron  image an con-, 
scan f o r  the  const i tuents  of the  a l loys  i n  the  i p a r t i c l e s  and i n  t'2e adjacent matrix.  Spectra l  scans were con- 

ducted on the  y-co ta in ing  p a r t i c l e s  i d  as-fabricated a110 F23 
and on one of the  ide ly  s ca t t e r ed  oxi  e p a r t i c l e s  i n  the  23 
sample oxidized 8 d  hr .  The spec t r a l  &an of the  intermet l l i c  
p a r t i c l e s  i n  F23 showed t h a t  Fe, C r ,  and Y were present .  

f 
ihe Fe 

and C r  i n t e n s i t y  i the  p r e c i p i t a t e  was only s l i g h t l y  lower i n  
the  p a r t i c l e s  than i n  the  matrix. I n  con t ras t ,  the  oxide p a r t i c l e s  
were devoid of Y apd contained only Fe, C r ,  and A l .  Thus, t h e  
s p e c t r a l  scans v e r s z c !  t, - 
containing p rec ip i t a t e s  w y e s .  I n  
both cases,  however, the  p a r t i c l e s  t h a t  could be examined were so  
small t h a t  the re  was some doubt about the  r e s u l t s  obtained. 

Samples of a l l o y  F16 (0.5Ti) were examined a f t e r  100 
and 320 hr ,  although the  l a t t e r  specimen w a s  completely oxidized. 
A s  f o r  Y-containing a l loys ,  an A 1  surface  peak was observed on 
the  100 h r  sample, but  could not be detected i n  the  f u l l y  oxidized 
- w ~ ~ ~ T - - o x  1"Cl-e- 



I n  con t ras t  t o  Fe-Cr-A1-Y al loys ,  a l loys  F30 (0.3Th) 
and F31 (0.3Th, 0.5Ta) re ta ined the  Th peaks observed i n  the  as-  
fabr ica ted  a l loys .  This may have been because of a much slower 
d i f fus ion  r a t e  of Th than Y i n  the  a l loys .  These peaks were not 
a s  s trong i n  Fe-Cr-A1 a l loys  a s  the  Th peaks i n  N i - C r - A 1  a l loys .  
The F30 a l l o y  d id  not  have an A 1  surface peak a t  e i t h e r  100 or  
400 h r .  It i s  not known i f  t h i s  was because of spa l l ing  of the 
outer  oxide or  metallographic preparat ion.  This a l loy ,  however, 
f a i l e d  e a r l i e r  than the  other  Fe-Cr-Al-Th a l loys  so t h a t  spa l l ing  
of the  outer  oxide may have occurred. In  con t ras t ,  the  F31 
(0.3Th, 0.5Ta) a l l o y  had an A 1  surface  peak a t  both 100 and 400 h r .  

1 1  

Microprobe examination w a s  conducted on the  two nickel!- 
base a l loys  NA16 and NA17 a f t e r  100 and 400 h r  of oxidation ex- 
posure. These a l loys  were se lected r a t h e r  than NAl3 because the  
th ree  Task I1 nickel-base a l loys  were a l l  removed from the  oxi- 
dat ion t e s t  a t  the  same time (540 h r ) .  The se lected a l loys  pro- 
vided the  maximum range of minor addi t ion i n  the  N i - C r - A 1  system. 
I n  con t ras t  t o  Fe-Cr-A1 a l loys ,  the  N i - C r - A 1  a l loys  d id  not in-  
d i ca t e  a s trong A 1  surface  peak a f t e r  100 hr ,  but a wide A 1  peak 
was present  i n  samples oxidized 400 h r .  I n  a l l  samples where Th 
peaks were obtained, the  i n t e n s i t y  of these peaks was grea te r  thhn 
i n  as-fabricated a l loys .  This suggests some agglomeration of the  
Th p a r t i c l e s ,  which were probably i n t e r n a l l y  oxidized t o  Tho 
No Th peaks were detected i n  the  scan of the  NA16 a l l o y  (0.3&) 1 
exposed 400 h r .  I n  the  NAl7 a l l o y  (0.5Th, 1. OTa), a Th-enriched 
surface layer  exis ted  j u s t  beneath the  Al-r ich surface oxide. 
This was evident i n  the  microstructure as  a t h i n  band of t' 
dispersed oxide pa t i c l e s  beneath the  continuous surface o ide.  
Tantalum scans wer not poss ible  i n  a l l o y  NA17 because of 
in ter ference of Ta F a t ion  d id  not  provi  e an 

a t i o n  res i s tance  af  orded 
s is  would be required to  
the  locat ion of t h  addi- 

an analys is  could not be 

I 

s ince  an Fe-rich layer  exis ted  a t  the  surface.  A minor increase 
i n  T i  concentration was detectable  beneath the  Al-rich surface 
layer  a f t e r  100 h r  of oxidation exposure. 

In te rd i f fus ion  samples were analyzed by the  e lec t ron  
microprobe as  hot- rol led  and a f t e r  i n t e rd i f fu s ion  a t  2300°F. 
Examination of as- fabr ica ted sarnples consisted of a s ing l e  scan 
across the  subst ra te lc ladding in te r face .  In terdi f fused samples 
were examined by mult iple scans from the  ex te rna l  surface of the  
cladding t o  the  center  of the  subs t ra te .  

J- 1 



A summary of the  r e s u l t s  of microprobe data  f o r  a s a l l  
fabr ica ted d i f fus ion  couples i s  presented i n   able 35. The I 

microprobe r e s u l t s  wi thin  the  cladding d id  not d i f f e r  s ign i f i cad t ly  
1 from those obtained on as-fabr ica ted cladding a l loys .  The micr0- 

probe da ta  demonstrated a sharp change i n  composition across the  
i n t e r f ace  indicat ing l i t t l e  in t e rd i f fu s ion  a f t e r  hot r o l l i n g .  
Both of the  in te rd i f fus ion  samples wi th  F16 cladding exhibi ted 
a T i  peak a t  the  ~ l a d d i n ~ l s u b s t r a t e  in te r face .  The reason f o r  
the  T i  concentration a t  the  i n t e r f ace  i s  not  c l e a r .  It i s  pos- 
s i b l e  t h a t  the  T i  was concentrated a t  the  surface  p r io r  t o  hot  1 
r o l l i n g  the  composite. This does not  appear t o  be l i k e l y  be- / cause of the  surface preparat ion p r i o r  t o  fabr ica t ion  of the  cod- 

i pos i te .  Thus, it appears t h a t  d i f fus ion  of t i tanium t o  the  
cladding/substrate i n t e r f ace  occurred during preheating for  hot 
r o l l i n g ,  or  as  a r e s u l t  of hot ro l l i ng .  Aluminum had a s imi la r  1 / tendency on TD N i C r  subs t ra tes ,  although not  as  pronounced as T i ,  

I '  as  shown by the  r e s u l t s  obtained on F ~ ~ / T D  N i C r  and F18/TD N i C r  
' I  composites. 

- - 7- 7 
- I - 

The r e s u l t s  of microprobe examination a f t e r  i n t e rd i f fd -  
s ion  a t  2300°F a r e  summarized i n  Table 36 and p lo t ted  i n  ~ i g u r e s l  61 
through 68. Data i n  Table 36 a r e  presented as  the  i n t e n s i t y  07 I 
the  various elements i n  counts/sec a s  a function,of d is tance  
the  surface.  These a r e  observed i n t e n s i t i e s  which have not bee 
corrected f o r  background or  absorption. I n  d i f fus ion  couples 
wi th  i n t e r f a c i a l  porosi ty,  estimates of i n t e n s i t y  could not  be 
made i n  the  zone of porosi ty.  The i n t e n s i t y  measurements a r e  I 
f a i r l y  l i nea r  over the  f u l l  range of the  i n t e n s i t y  s ca l e  and, as/ 
such, represent  a q u a l i t a t i v e  measure of the  composition. It j 
would be poss ible  t o  ca l cu l a t e  the  composition a t  any given poinit 
by determining the  ac tua l  composition anywhere i n  the  scan and 1 r e l a t i n g  t h i s  know composition wi th  the  intensiEes obtaiqed f o r  
each element. How very  the  i n t ens i ty  data  do provide an equally1 
acceptable q u a l i t a  ive  indicat ion of the  extent  of i n t e r d i  fusioh 
i n  the  d i f fus ion  c uples.  I n t ens i ty  da ta  f o r  any element fn I ' Table 36 can be co ared within any giyen d i f fus ion  couple but 1 / should not be c o q  red wi th  the  in tens  t y  i n  another d i f f u  ion 
couple. Thus, fo r  example, the  in tens  t y  of Fe i d  the  F16 TD N i  i a 4 ' d i f f u s i o n  couple s ould not be compare with data  f o r  Fe id  the  / F16/TD N i C r  d i f f i s ion  couple. This i s  because of p o s s i b l e  var ia-  

7- 

t ions  i n  the  opera ing parameters f o r  the microprobe du r in i  ex- 
amination of the  v r ious  in te rd i f fus ion  samples. 

r s  f o r t h e  vm-iuus element. - i n  ~a~r l - e  36 a r e  
presented t o  a depth of 36 m i l s  from the  surface >f the  d i f fus ion  
couples. This d is tance  i s  s u f f i c i e n t  t o  extend t d  the center  o f 1  1 the  subs t ra te  on a l l  of the  d i f fus ion  couples. Sance the  inter-1 

I ! di f fus ion  samples contained cladding on both s ides ,  fu r ther  ex- 
1 
2 tension of the  i n t e n s i t y  data  would r e s u l t  i n  a marror image of 
the  da ta  i n  Table 36. Three of the four d i f fus ion  couples with 

/ Fe-base cladding had porosi ty  a t  the  c laddinglsubst ra te  in te r face .  
!This  i s  shown i n  Table 36 as a break i n  the  i n t ens i ty  da ta  a t  a 
1 I 

- - 



po in t  approximating the  o r i g i n a l  c l add ing l subs t ra t e  i n t e r f a c e ,  
This did not  happen i n  t h e  scan of the  F ~ ~ / T D  N i C r  d i f f u s i o n  
couple,  although poros i ty  was a l s o  present  i n  t h i s  sample. Me- 
t a l lograph ic  examination of  t h i s  sample a f t e r  microprobe exaaina- 
t i o n  showed t h a t  the  scan had been made by chance through an area 
where a continuous metal  pa th  e x i s t e d .  Thus, the  apparent ab-  
sence of a porous zone i n  thissample was due t o  the  loca t ion  of 
the  microprobe scan. A l l  of the  i n t e r d i f f u s i o n  samples were ex- 
amined unetched s o  t h a t  the  i n t e r f a c i a l  poros i ty  was l e s s  than 
t h a t  shown i n  t h e  micros t ruc tures  i n  Figures  52 through 60.  

Data f o r  t h e  various elements i n  Table 36 a r e  not  c o r -  
r ec ted  f o r  background i n t e n s i t y ,  which normally i s  i n  the  range 
of  20 t o  50 counts /sec .  Thus, i n  many cases ,  t h e  i n t e n s i t i e s  
presented f o r  minor elements c o n s i s t  only of background. These 
a r e  included t o  provide a comparison of t h e  i n t e n s i t i e s  i n  elad- 
ding and s u b s t r a t e .  For example, Th can be de tec ted  above back- 
ground i n  TD N i  and TD N i C r  when the  i n t e n s i t y  i s  compared t o  the  
background l e v e l  of Fe-Cr-A1 cladding a l l o y s .  I n  genera l ,  no 
s i g n i f i c a n t  conclusions can be made from the  i n t e n s i t y  da ta  of 
the  minor elements o r ,  f o r  t h a t  matter ,  aluminum. I n  most cases ,  
minor aluminum grad ien t s  could be de tec ted ,  but  the  low i n t e n -  
s i t i e s  obtained d id  no t  permit determinat ion of  the  depth of  
d i f f u s i o n  i n t o  t h e  s u b s t r a t e .  

The i n t e n s i t y  p r o f i l e s  f o r  Fe, N i ,  and C r  i n  the  various 
d i f f u s i o n  couples a r e  p l o t t e d  i n  Figures  6 1  through 6 8 .  The com- 
p o s i t i o n  g rad ien t s  i n  F16/TD N i  and F16/TD N i C r  d i f f u s i o n  couples 
a f t e r  100 h r  a t  2 3 0 0 " ~  a r e  presented i n  Figures  61  and 62, r e s -  
pec t i v e l y .  Comparison of  these  composites suggests  t h a t  i r o n  
d i f f u s e s  more r a p i d l y  i n t o  TD N i  than i n t o  TD N i C r .  I n  both  
d i f f u s i o n  couples,  however, i r o n  was de tec ted  a t  a d i s t a n c e  
g r e a t e r  than 20 mils from the  o r i g i n a l  i n t e r f a c e .  SimiParly, 
chromium could be de tec ted  a t  t h i s  d i s t a n c e  wi th in  the  TD N i  sub- 
s t r a t e  i n  the  F161TD N i  system. However, a chromium gradient  
s t i l l  ex i s t ed  i n  the  Fl61TD N i C r  d i f f u s i o n  couple a f t e r  100 hr. 
Nickel appeared t o  d i f f u s e  i n t o  the  cladding equal ly  from e i t h e r  
TD N i  o r  TD N i C r  i n  the  F16 d i f f u s i o n  couples.  

The r e s u l t s  of microprobe examination of ~ 1 8 1 ~ ~  N i  and 
F18/TD N i C r  d i f f u s i o n  couples a f t e r  100 h r  a t  2300°F a r e  p l o t t e d  
i n  Figures  63 and 64, r e s p e c t i v e l y .  These r e s u l t s  cannot be com- 
pared as  r e a d i l y  a s  the  F16 d i f f u s i o n  couples because of the  
th inner  c ladding on the  F18/TD N i  d i f f u s i o n  couple.  Again, Fe was 
de tec ted  a t  a d i s t a n c e  g r e a t e r  than 20 mils  from t h e  o r i g i n a l  i n t e r -  
f a c e  i n  both  systems, a s  was C r  i n  the  F18/TD N i  couple (Figure 5 3 ) -  
Because of  t h e  th inner  c ladding,  the  n i c k e l  concent ra t ion  wi th in  
t h e  cladding was a l s o  considerably g r e a t e r  i n  t h i s  couple.  The 
da ta  suggest  t h a t  d i f f u s i o n  of Fe and N i  was more rap id  with 
TD N i  than w i t h  TD N i C r  s u b s t r a t e s ,  as  was observed w i t h  F16 c l a d -  
ding. Figure 64 shows t h a t  a minimum e x i s t s  i n  the  C r  i n t e n s i t y  
i n  the  area  of the  o r i g i n a l  i n t e r f a c e .  This anomaly i s  probably due 



t o  poros i ty  i n  t h i s  area  which reduces the  C r  i n t ens i ty .  A s i m i -  
l a r  e f f e c t  i s  not observed i n  the  N i  and Fe curves because the  
e f f e c t  i s  obscured by the  rapid  change i n  i n t ens i ty  of Ni and Fe 
i n  t h i s  a rea ,  11 

- 
lr& - 

The in t ens i ty  p ro f i l e s  f o r  C r  and N i  i n  the  N A ~ ~ / T D  N i  
I and NA13/TD N i C r  d i f fus ion  couples a f t e r  100 h r  a$ 2300 '~  are pre- 

( sented i n  Figures 65 and 66, respect ively .  In  bo h systems, theF--- 
n icke l  concentration i n  the  cladding w a s  lower t h  n t h a t  of the  I subs t ra te ;  i . e . ,  the  n icke l  concentration is  not  qu i l ib ra ted  i n  

1 100 h r .  As with the  Fe-base cladding, chromium w i s detectable  1 a t  g rea te r  than 20 m i l s  from the  surface .    ow ever, the  r a t e  of 
d i f fus ion  of C r  appears t o  be slower than from Fe base cladding. 1 Obviously, no chromium gradient  exis ted  i n  the  NA g 3/TD - -  N i C r  systen 
s ince  both claddin and subs t r a t e  o r ig ina l ly  contdined 20 w/o C r .  
There appeared t o  Ee a minor chromium gradient  nedr the  ex te rna l  
sur face  of the  N A ~ ~ / T D  N i C r  couple (Fig. 66). Thds mTy have been lr 
due to  some chromium migration t o  the  - surface,  --- __(- bud i t  --  i s  l i ke ly  - 

(-__ __ 
t h i s  was due t o  some porosi ty  o r  other  defect  i n  the  microprobe 
scan. 

I n t e n s i t y  da ta  fo r  the  ~ 1 8 1 ~ ~  N i  and N A ~ ~ / T D  N i  d i f fu -  
s ion couples in te rd i f fused  f o r  300 h r  a t  2300°F i s  presented i n  
Figures 67 and 68, respect ively .  In te rd i f fus ion  fo r  300 h r  r e -  ' 
su l t ed  i n  near ly  equ i l ib ra ted  compositions. I n  the  ~ 1 8 1 ~ ~  N i  
d i f fus ion  couple (Fig. 67), the  Fe, N i ,  and C r  i n t e n s i t i e s  a r e  
near ly  uniform across the  scan. Minor N i  and C r  gradients  were 
detected wi thin  the  cladding of N A ~ ~ / T D  N i  couple. However, i n  
both samples it appears t h a t  the  Fe, N i ,  and C r  concentrations 
could be calcula ted by assuming complete homogenization of the  
cladding and subs t ra te .  I 

Section 111-B-6. 



5 .  Fabr ica t ion  of F o i l  Mate r i a l  

S i x  of t h e  Task I1 cladding a l l o y s  were f a b r i c a t e d  i n t o  
5-mil shee t  and suppl ied  t o  NASA f o r  f u r t h e r  eva lua t ion  a s  p a r t  
of t h e  c o n t r a c t  requirements.  The s i x  a l l o y s  s e l e c t e d  and approved 
were F8, F14, F22, F23, F30 and NA13, and represented  t h r e e  
Fe-Cr-A1-Y a l l o y s  (F14, F22, F23), one T i  a l l o y  (F8), one TI1 a l l o y  
(F30), and a s i n g l e  nickel-base a l l o y  (NA13) . Four p ieces  of each 
approved a l l o y  wi th  minimum dimensions of 4 x 3 i n .  were submitted,  
Two of t h e  a l l o y s  (F8, F14) were suppl ied  during t h e  t e n t h  month 
of c o n t r a c t  performance on reques t  by NASA. The remaining four  
a l l o y s  were f a b r i c a t e d  a f t e r  completion of t h e  experimental  program, 

The f a b r i c a t i o n  schedule f o r  f a b r i c a t i o n  of f o i l  materials 
i s  summarized i n  Table 37. Arc-melted 150 g but tons  of the  s i x  
a l l o y s  were f a b r i c a t e d  by t h e  techniques used f o r  the  f a b r i c a t i o n  
of t h e  10 m i l  ox ida t ion  samples i n  Task 11. F o i l  ma te r i a l  (5 mil) 
was obtained by simply cont inuing cold  r o l l i n g  t o  a shee t  thick- 
ness  of about 5.5 m i l s .  It w a s  found t h a t  two a d d i t i o n a l  a r i ~ ~ e a l s  
were requi red  i n  the  f i n a l  co ld  reduct ion  from 10 t o  5,s m i l s ,  
The co ld - ro l l ed  m a t e r i a l  w a s  then pol i shed  wi th  metallographic 
paper t o  remove su r face  f i l m  r e s u l t i n g  from t h e  hot-cold. r o l l i n g  
andlor  su r face  d e f e c t s .  F i n a l l y ,  t h e  4 x 3 i n .  shee t  se.mples were 
annealed i n  argon a t  2150°F f o r  15 min. The f i n a l  shee t  th ickness  
of a l l  f o i l  m a t e r i a l  was 5 + 0.5 m i l .  - 
6 .  Discussion 

The furnace oxida t ion  t e s t s  of 10-mil samples i n  Task I1 
demonstrated t h e  super io r  oxida t ion  r e s i s t a n c e  of Fe-Cr-A1 a l l o y s ,  
p a r t i c u l a r l y  those conta in ing  Y.  Task I oxida t ion  r e s u l t s  suggest 
t h a t  t h e  l i f e  of unmodified Fe-25Cr-4A1 would be about 100 hr a t  
2300°F, Thus, a d d i t i o n  of a s  l i t t l e  a s  0.15 Y r e s u l t e d  i n  a t  l e a s t  
an e igh t - fo ld  increase  i n  l i f e .  No apparent reasons f o r  t h i s  i m -  
provement could be obtained by t h e  analyses  i n  t h i s  program, be- 
cause t h e  minor add i t ions  could not  be de tec ted  a f t e r  exposure,  
It w a s  shown t h a t  Y probably migrates t o  t h e  su r face  during oxi-  
d a t i o n  exposure. This was suggested by the  i n a b i l i t y  t o  d e t e c t  
t h e  Y-containing p r e c i p i t a t e s  a f t e r  exposure t h a t  were present  i n  
a s - fabr i ca ted  a l l o y s .  I n  any case ,  Y, and t h e  o t h e r  minor all_oyi.ng 
elements, would be expected t o  migrate t o  t h e  oxid iz ing  i n t e r f a c e  
provided t h a t  they had s u f f i c i e n t  mobi l i ty  a t  2300°F. The data. 
i n  t h i s  program suggest t h a t  T i  and Y had s u f f i c i e n t  mobi l i ty ,  
whereas Th, and perhaps Hf and Ta, had l imi ted  mobi l i ty  during 
exposure. 

The following d iscuss ion  on probable oxida t ion  mechanisms 
i s  d i r e c t e d  toward Fe-Cr-A1-Y a l l o y s  but  app l i e s ,  i n  genera l ,  t o  
t h e  o the r  Fe-Cr-A1 systems. I n  no case  was t h e  l e v e l  of minor 
a d d i t i o n  s u f f i c i e n t  t o  change t h e  b a s i c  oxida t ion  mechanism of 



by t h e  A 1  0 - r i c h  su r face  oxide.  There appears t o  be l i t t l e  doubt 
from t h e  &i%roprobe d a t a  t h a t  a l l  of t h e  Fe-Cr-A1 a l l o y s  developed 
an A 1  0 - r i c h  su r face  oxide.  This i s  supported by t h e  appearance 
of thg zamples during oxida t ion  t e s t i n g .  A 1 1  of the  a l l o y s ,  with 
t h e  except ion of Fe-Cr-Al-Hf a l l o y s ,  had a t h i n ,  l i g h t  gray s u r -  
face  oxide a f t e r  100 h r .  The su r face  oxide of Fe-Cr-Al-Hf a l l o y s  
was s i m i l a r  t o  t h e  o the r  a l l o y s  p r i o r  t o  100 h r ,  but  was mottled 
green a f t e r  100 h r .  Subsequently, most of t h e  o the r  a l l o y s  deve- 
loped a c h a r a c t e r i s t i c  su r face  appearance w i t h  f u r t h e r  exposure,  
Alloys conta in ing  T i  developed l i g h t  t a n  oxides,  whereas those 
wi th  Th add i t ions  were dark gray  t o  b lack .  The Y-containing a l l o y s  
r e t a i n e d  t h e  l i g h t  gray appearance t o  about 700 h r ,  when loccalized 
patches of green oxide developed on t h e  su r face .  These observa- 
t i o n s  suggest a s i m i l a r  mechanism i n  t h e  mode of f a i l u r e ,  exclud- 
ing edge e f f e c t s  which a r e  merely an a c c e l e r a t i o n  of the  no.rrnal 
wear-out l i f e .  Edge e f f e c t s  w i l l  be discussed i n  more d e t a i l  sub- 
sequent ly .  

A s  previous ly  s t a t e d ,  t h e r e  i s  l i t t l e  doubt t h a t  a l l  of 
t h e  Fe-Cr-A1 a l l o y s  developed an A 1  0 - r i c h  oxide very e a r l y  during 
oxidat ion  exposure. Thus, t h e  in f lgeace  of t h e  minor add i t ions  
i n  i m  roving t h e  p r o t e c t i v e  c a p a b i l i t y  of t h i s  oxide can only be 
i n  ( l y  improving oxide adherence without  changing r a t e  of oxide 
growth, or  (2) reducing t h e  r a t e  of growth of t h e  o x i d e ,  Ob- 
viously,  a s i n g l e  a l loy ing  a d d i t i o n  can be e f f e c t i v e  i n  e i t h e r  o r  
both  of these  mechanisms, The second f a c t o r  i s  r e l a t e d  t o  the 
f i r s t  t o  some e x t e n t  s i n c e  a t h i n  oxide w i l l  have a l e s s e r  ten-  
dency t o  spa11 than  a t h i c k  oxide (TD N i  i s  an apparent except ion) ,  
However, t h e  r a t e  of oxide growth i s  a l s o  separable  s i n c e  it eon- 
t r o l s  t h e  amount of a l l o y  dep le t ion  t h a t  occurs i n  a t h i n  oxida- 
t i o n  sample. It i s  l i k e l y  t h a t  Y, and perhaps Th, a r e  i n f l u e n t i a l  
i n  both of t h e  above f a c t o r s .  Hafnium, and perhaps T i ,  a p p a r  t o  
a f f e c t  only t h e  adherence of the  oxide r a t h e r  than  the  k i n e t i c s  
of oxide growth. Tantalum probably has a minor e f f e c t  on t h e  r a t e  
of oxide growth, a l though t h e  behavior i s  not  w e l l  def ined ,  

The mechanism of growth of t h e  A 1  0 - r i c h  oxide i s  not  
d e f i n i t e l y  known. However, it appears t h a t 2 i ?  develops e x t e r n a l  
t o  t h e  o r i g i n a l  i n t e r f a c e ,  a t  l e a s t  i n i t i a l l y ,  by rap id  d i f f u s i o n  
of aluminum from t h e  s u b s t r a t e .  This i s  evidenced by t h e  nea r ly  
complete absence of e i t h e r  Fe o r  C r  i n  t h e  A 1  0 l aye r  i n  the  
microprobe scans .  Subsequently, t h e  oxide co&t?nues t o  grow e i t h e r  
by c a t i o n  o r  oxygen d i f f u s i o n  through oxide l aye r .  It i s  here t h a t  
t h e  inf luence  of t h e  minor a d d i t i o n  i s  probably most s i g n i f i c a n t ,  
I f  t h e  add i t ion ,  such as Y, e n t e r s  t h e  A 1  0 oxide s t r u c t u r e  and 
reduces t h e  r a t e  of oxygen o r  c a t i o n  diffgs?on through t h e  oxide, 
t h e  r a t e  of oxide growth w i l l  be s u b s t a n t i a l l y  decreased. T h i s  
can occur e i t h e r  by d i spe r s ion  of t h e  minor a d d i t i o n  throughout 
t h e  oxide o r  by t h e  development of a second oxide o r  complex oxide 
beneath t h e  ou te r  oxide l aye r .  The exact  mechanism i s  not  inapor- 

r a t e  of 
e f f e c t i v e  



i n  Table 29. 

Edge oxida t ion  i s  merely an a c c e l e r a t i o n  of dep le t ion  
of t h e  s u b s t r a t e  of aluminum by growth of t h e  A 1  03-r ich  oxide.  
A r e l a t i v e l y  simple c a l c u l a t i o n  w i l l  show t h a t  t?ie growth of a 
uniform A 1  0 l aye r  0.2 m i l  t h i c k  r e q u i r e s  about 25% of t h e  
aluminum pPe%ent i n  t h e  2 x 0.5 x 0.010 i n .  oxida t ion  sample. 
Obviously, dep le t ion  i s  g r e a t e r  a t  edges and corners  where t h e  
u n i t  volume of metal  pe r  u n i t  a r e a  of su r face  i s  lower, Conse- 
quent ly,  any d e f e c t s  i n  t h e  oxide l aye r ,  which a r e  more probable 
i n  these  a r e a s ,  r e s u l t s  i n  t h e  exposure of an Fe-Cr a l l o y  s i g n i -  
f i c a n t l y  deple ted  i n  aluminum. Thus, i t  i s  no t  s u r p r i s i n g  t h a t  
corners  were genera l ly  t h e  i n i t i a l  a r e a  of f a i l u r e  of Fe-Cr-A1 
a l l o y s  which d i d  f a i l  p r i o r  t o  800 h r .  The tendency of Fe-Cr-AE-Y 
a l l o y s  t o  be r e s i s t a n t  t o  edge a t t a c k  demonstrates t h e  minimal A l  
dep le t ion  andlor  c o n t i n u i t y  of t h e  oxide l aye r  on these  a l l o y s .  

The oxida t ion  mechanism of N i - C r - A 1  a l l o y s  d i f f e r s  
somewhat from t h a t  of Fe-Cr-A1 a l l o y s .  Although t h e r e  i s  a ten-  
dency toward A 1  0 enrichment of t h e  oxide i n  N i - C r - A 1  a l l o y s ,  
t h e  A120 l a y e r 2 i z  n e i t h e r  w e l l  def ined  nor a s  r e a d i l y  formed. 
This i s  $robably due, i n  p a r t ,  t o  a slower d i f f u s i o n  r a t e  of 
aluminum i n  t h e  N i - C r  s o l i d  s o l u t i o n .  There i s  some evidence t o  
support  t h i s  p o s s i b i l i t y  s i n c e  i ron-base a l l o y s  can be alum.inized 
a t  f a s t e r  r a t e s  than nickel-base a l l o y s ,  a t  l e a s t  a t  lower tern- 
p e r a t u r e s .  The oxides developed on N i - C r - A 1  a l l o y s  a r e  not  a s  
adherent s o  t h a t  these  a l l o y s  undergo a s e r i e s  of s t ages  of oxide 
growth followed by s p a l l i n g .  A s  a r e s u l t ,  dep le t ion  e f f e c t s  a r e  
of l e s s e r  importance t o  t h e  f a i l u r e  mechanism i n  N i - C r - A l  a l l o y s ,  
Furthermore, s i n c e  t h e  N i - C r - A 1  a l l o y s  i n i t i a l l y  contained 5 w / o  
A l ,  an a d d i t i o n a l  r e s e r v o i r  of aluminum was a v a i l a b l e  f o r  develop- 
ment of t h e  oxide,  I n  any case ,  t h e  N i - C r - A 1  a l l o y s  tended t o -  
ward a uniform metal  r ecess ion  r a t e  i n  comparison t o  Fe-Cr-A1 
a l l o y s .  

The above d i scuss ion  sugges ts  t h a t  more d i f f i c u l t i e s  
might be encountered w i t h  Fe-Cr-A1 a l l o y s  than wi th  N i - C r - A 1  
c ladding i n  composite systems, Dif fus ion  of A 1  i n t o  the  s u b s t r a t e  
w i l l  cause f u r t h e r  dep le t ion  of A 1  from t h e  cladding.  Furthermore, 
t h e  oxida t ion  r e s i s t a n c e  of the  cladding under s t r e s s  may be con- 
s i d e r a b l y  d i f f e r e n t  from t h a t  obtained i n  t h e  furnace oxida t ion  
t e s t  because of f r a c t u r e  of t h e  Al - r i ch  oxide l a y e r .  The above 
d i scuss ion  does i n d i c a t e  t h a t  Fe-Cr-A1 a l l o y s  may be s e l f - h e a l i n g  
provided t h a t  a s u f f i c i e n t  r e s e r v o i r  of A 1  i s  a v a i l a b l e .  Thus, 
i t  i s  l i k e l y  t h a t  Fe-Cr-Al-Y a l l o y s  w i l l  be more sub jec t  t o  f a i l u r e  
under load a f t e r  some period of exposure a t  e levated  temperature,  



The bas ic  oxidation res i s tance  of the  cladding a l loys  1 
developed i n  t h i s  program i s  not  the  only f ac to r  l imi t ing  the  
usefulness of composite systems. Rather, t he  ex t  nsive i n t e r -  1 
di f fus ion  qbtained i s  of equal concern. In te rd i f fus ion  during 

more of t h  2 following conditions p reva i l s  : 
I exposure w ' l l  be detr imental  t o  the  composite systein i f  one or  

(2) I n t e rd i f  fusion lowers the mechanic 1 prop- 
e r t i e s  of the  subs t r a t e .  a 

(1) I n t e r f a c i a l  poros i ty  causes spalling of the  

1 cladding layer  because of thermal o r  mechanical 

I 
43) In te rd i f fus ion  reduces the  ox ida t i  

I 
I 

s i s t ance  of the  cladding a l loy .  
I 

s t r e s s e s .  
I 

elements. 
more 

I elements and 
1 .  e f f e c t s  not  considbred i n  the  i n i t i a l  

I 

I 

t i o n  of t h e  Thop, may be important periods 
I a t  elevated temperature. 
l observed i n  t h i s  program. 

I 

I The influence of i n t e rd i f fu s ion  on r e -  I 

s i s t ance  of the  cladding a l l o y  is  l i k e l y  t o  
I l imi ta t ion  on the  



I w i l l  be 

presence of 
the  p ro tec t ive  outer  oxide i n  
the  cladding by d i f fu s ion  of n ickel .  
p ro tec t ive  mechanism of the  Fe-Cr-A1 a l loy  w i l l  be operat ive fo r  
some exposure period. The cladding a l l o y  w i l l  be p ro tec t ive  u n t i l  
the  composition beneath the  oxide i s  changed by ip t e rd i f fu s ion  t o  
the  degree t h a t  the  bas ic  Fe-Cr-A1 oxidation mechanism is  no 
longer operat ive.  It i s  qu i t e  poss ible  t h a t  t h i s  exposure time 
w i l l  be somewhere between the  oxidation l i f e  of t e  h cladding and 
the  projected l i f e  suggested by in te rd i f fus ion .  imi lar  e f f e c t s  
can be expected wi th  Ni -Cr -A1  cladding a l loys .  T t us, the  i n t e r -  

I di f fus ion  da ta  i n  t h i s  program cannot be projectef  i n t o  an es -  
timated l i f e  of a composite system i n  an oxygen e vironment. f 

t h a t  other  b a r r i e r  
b i l i t i e s  include 
whose 

-- - - - 

the  composite systems developed 
t igated i n  a i r  environments a t  
the  e f f ec t s  of i n t e r d i f  fusion on the  mechanical pqope t t iw and 
oxidation l i f e .  

--  a 
CONCLUS IONS ANh -REC-OMMEND~T'~ONS- - - --- - ------- - - -t 

The major object ive of t h i s  program--to develop ,oxidetion- 
r e s i s t a n t  cladding a l loys  capable of operating s e  e r a1  hundned 

1 hours a t  2300°F--has been met. Oxidation l i v e s  g 3 e a t e r  than 500 hr  
were obtained a s  simulated 5 m i l  cladding i n  t h r e e  systemse 

I Fe-25Cr-4A1-Y, Fe-25Cr-4Al-T9? and Ni-20Cr-5Al-Th. 1 A l l  of ihese  
a l loys  a r e  d u c t i l e  (a t  l e a s t ,  i n  t h i n  sect ions) '  ~d f abr i c  ab le 
by conventional hot  and cold r o l l i n g  i n t o  t h i n  she t mater ia l .  

_ _  -- _ _ - --_ - -_ . .  - -- - -&_ -- - - 



-- -- - - - - - - -- - - - - . - - . 

work conducted i n  t h i s  program, however, was inadequate t o  de f ine  
t h e  l i f e  of these  a l l o y s  i n  a  composite system. Addit ional  work 
i s  requi red  t o  de f ine  t h e  p o t e n t i a l  l i f e  of t h e  c l add ing l subs t ra t e  
sys  tems i n  oxidat ion environments. 

The r e s u l t s  obtained i n  t h i s  program provide the  follow- 
ing conclusions : 

The most ox ida t ion- res i s t an t  a l l o y s  devel-  
oped were Fe-25Cr-4A1 wi th  Y add i t ions  of 
0.15 t o  0.25 w/o. Higher Y add i t ions  may 
be appl icable ,  bu t  t h e  a l l o y s  may tend t o  
be b r i t t l e  a t  room temperature a f t e r  exposure. 
The quaternary add i t ion  of 0.5Ta t o  a  0.08Y 
a l l o y  provided d u c t i l i t y  before  and a f t e r  
exposure. The o the r  Fe-Cr-A1 a l l o y s  were 
d u c t i l e  as - fabr ica ted ,  bu t  n o t  a f t e r  oxida- 
t i o n  exposure. 

(2)  Iron-base a l l o y s  wi th  0.5 w/o Th add i t ions  were 
t h e  next  most oxidat ion r e s i s t a n t  a l l o y s .  N i -  
20Cr-5A1 a l l o y s  wi th  Th add i t ions  a r e  a l s o  
p o t e n t i a l  cladding a l l o y s  f o r  TD N i  and TD 
N i C r  . 

(3)  The oxida t ion  r e s i s t a n c e  of Fe-Cr-A1 a l l o y s  
depends upon t h e  development of an A 1  0  - 
r i c h  su r face  oxide l aye r .  Minor addigians 
probably improve t h e  oxidat ion r e s i s t a n c e  
by modif icat ion of t h e  t r a n s p o r t  p roper t i e s  
of t h i s  oxide. N i - C r - A 1  a l l o y s  a l s o  tend 
t o  develop A 1  0 layers,  but  t h e  r a t e  of 
growth i s  gre$k?y reduced. The oxida t ion  
mechanism of N i - C r - A 1  a l l o y s  c o n s i s t s  of 
slow metal  recession,  i n  c o n t r a s t  t o  abrupt  
f a i l u r e  of Fe-Cr-A1 a l l o y s .  

(4)  Rapid i n t e r d i f f u s i o n  occurs a t  2300°F i n  
Fe-Cr-A1 and N i - C r - A 1  cladding on TD N i  
and TD N i C r  s u b s t r a t e s .  Af te r  300 h r ,  
n e a r l y  complete homogenization of t h e  
cladding and s u b s t r a t e  c o n s t i t u e n t s  occurs.  
The r e s u l t s  of i n t e r d i f f u s i o n ,  such as  
i n t e r f a c i a l  o r  cladding poros i ty ,  a r e  pre- 
d i c t a b l e  based on t h e  composition of t h e  
cladding and s u b s t r a t e .  I n t e r f a c i a l  poros- 
i t y  due t o  i n t e r d i f f u s i o n  does n o t  r e a d i l y  
r e s u l t  i n  separa t ion  of t h e  cladding by 
e x t e r n a l  mechanical s t r e s s e s .  



In te rd i f fus ion  e f f ec t s  w i l l  l i k e l y  r e s u l t  i n  a decrease 
i n  the composite l i f e  from t h a t  predicted by the  oxidation l i f e  
of the  cladding a l loys .  I n  general,  three  d i s t i n c t  l imi t ing  con- 
d i t i ons  can r e s u l t  from in te rd i f fus ion :  

(1) I n t e r f a c i a l  porosi ty r e s u l t s  i n  separat ion 
of the  cladding by mechanica 1 and/or thermal 
s t r e s se s .  

(2) I n t e r d i f  fusion lowers the aeohanical pro- 
pe r t i e s  of the  subst ra te .  

(3)  In te rd i f fus ion  reduces the p ro tec t ive  l i f e  
of the  cladding. 

I n  t h i s  program, only the  f i r s t  condition was evaluated 
and found to  be no major problem. It i s  recommended tha t  the  
remaining conditions be evaluated by addi t ional  work. These 
s tud ies  should be conducted i n  a i r  environments i n  order t o  
provide the most p rac t i ca l  information. I n  t h i s  program, com- 
posi tes  were exposed i n  argon a t  2300°F t o  i s o l a t e  in te rd i f fus ion  
e f f ec t s .  The influence of in te rd i f fus ion  on mechanical proper t ies  
could be evaluated i n  i n e r t  atmospheres. However, i t  i s  possible 
t h a t  a d i f ference  i n  behavior w i l l  be obtained i n  oxygen environ- 
ment because of a d i f f e r en t  i n t e rd i f fu s ion  mechanism i n  atmosphedes 
containing oxygen. Furthermore, the  evaluat ion of composite 
systems should be conducted below 2300°F s ince  in te rd i f fus ion  
r a t e s  a r e  s trongly temperature dependent. Thus, an acceptable 
l i f e  may be obtained f o r  a composite system a t  2100"-2200°F based 
on the  cladding a l loys  developed i n  t h i s  program. 

her recommended tha t  po t en t i a i  d i f f u s i o  
ated.  I f  an e f f ec t ive  b a r r i e r  system c 
f e  of a composite system should approac 
f the  cladding. 
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TABULAR DATA 



TABLE 1 

COMPOSITION OF ALLOYS SELECTED FOR TASK I OXIDATION TESTS 

Desig- Nomina 1 Composition, w/o 
na t ion  Fe N i  Cr Ta 



TABLE 1 (Continued) 

Desig- -- 
n a t i o n  L' 

* 
A l l  addjitions were 0.25 a /o ,  except i n  M I .  



4 
0 

TABLE 2 

ANALYSES OF MAJOR RAW MATERIALS USED FOR ALLOY FABRICATION 

Iron  (Shie lda l loy  ( S h e r r i t t  & (Kawecki Chem., Aluminum 
(Glidden Co . , Corp . , Gordon Ltd . , arc-melted (UMC Corp . , 

Element A-104~)  H.P. f l a k e s )  SG-100) ingot )  H .  P. wire)  

Fe 99.94 <0.0002 0.04 0.005 - - 
N i  0.001 - - 99.85 (min) - - - - 
C r  0.001 99.9 (min) - - - - - 
Co 0.001 - - 0.08 - - - - 
A 1  <0.001 <0.0002 - - 0.005 99.999 
Ta <0.001 - - - - 99.9 - - 

S 0.003 0.003 (max) 0.003 

P 0.002 - - - - 
0 0.013 0.06 (max) - - 
N 0.002 0.003 (max 

B ( l o s s )  0.04 0.006 (max) - - 
Others Cu 0.004 Cu 0.0002 Cu 0,006 Cb  0 ,01  

A 1  I 
Others < O . O O L  

A l l  

Others  < O , O O L  



TABLE 3 

TYPICAL COMPOSITIONS OF MINOR ALLOYING ELEMENTS 

Element Vendor P u r i t y  Form 

Lunex Co. 

Lunex Co. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

UMC Corp. 

Ingo t  

Ingo t  

Sponge 

Sponge 

Sponge 

C r y s t a l  ba r  

Granules 

F lake  

Ingo t  

Ingot  



TABLE 4 

WEIGHT LOSS OF TASK I ALLOYS DURING ARC MELTING 

- P 

P ----- 
Alloy Percent  Alloy Percent  Alloy Percent 
Desig- Weight Desig- Weight Des i g  - Weight 
n a t i o n  Loss n a t i o n  Loss n a t i o n  Loss  

F1  0.25 NT7 0.13 NT28 0,07 

F2 0.72 NT8 0.05 NT29 0 .  l ik 

F3 0.13 NT9 0.06 NA 1 0,053 
F4 0.62 NTlO 0.11 NA2 0,09 

.I- 
d. 

Percent weight l o s s  of t h e  second h e a t .  



TABLE 5 

OXIDATION RATE OF F e - C r - A 1  ALLOYS DURING CYCLIC FURNACE EXPOSURE AT 2300°F 

A l l o y  Weight C h a n g e ,  m g / c m  
Desie- 20 hr 40 hr 60 hr 80 hr 100 hr - 

nat iGn 

Total (sample + spa11 products)veight change. 
change 

L - - -  
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TABLE 7 

OXIDATION RATE OF N i - C r - T a  ALLOYS DURING CYCLIC FURNACE EXPOSURE AT 2300°F 

Alloy W e i g h t  C h a n g e ,  mg/cmL 
D e s k -  20 hr  40 hr  60 hr  80 h r  100 hr  
nat  izn T o t a l * S a m p l e + T o t a l  S a m p l e  T o t a l  S a m p l e  T o t a l  S a m p l e  T o t a l  S a m p l e  

21.6 -53.3 31.7 -83.5 38.6 

33.4 -96.7 40.2 -115.0 46.6 

41.75 -129.0 48.4 -156.0 54.7 
11.35 -14.5 1 6 . 1  -21.9 20.4 

20.6 -45.3 28.2 -62.5 32.0 

33.7 -87.5 42.2 -122.0 48.5 

19.1 -36.5 25.1 -53.2 29.7 
13.7 -15.7 18.7 -27.0 22.5 

18.3 -33.0 23.8 -49.8 28.8 

24.7 -40.2 29.0  -52.4 37 .3  

17 .7  -29.3 23.4 -47.3 29.7 

13.8 -15.9 18.9 -23.3 23.9 

17.5 -26.2 23.0 -41.0 29.5 

M e l t e d  

22.1 -27.7 28.1 -38.6 34.0 

16.2 -22.0 22,6 -31.2 27,:  

28-9 -17.2 33,1 -28.8 40.8 

Kel t ed  

12,0 -20,2 b 6 , 9  -32,7 22-0 



TABLE 7 (Continued) 

Alloy Weight Change, mg/cmL 
Desig- 20 h r  40 h r  60 h r  SU h r  r 
na t ion  Total Sample To ta l  Sample T o t a l  Sample To ta l  Sample ~0t:;O ;ample 

37 .1  -83.8 47.7 -115.0 
Complete Oxidation 60 h r  

23.7 -23.5 32.3 -40.6 

21.3 -43.5 26.3 -53.4 
34.6 -81.5 42.9 -106.0 

40.2 -80.2 50.9 -105.0 

43.4 -114.0 51.9 -146..0 

26.6 -62.8 32.3 -78.0 

31.2 -69.3 36.7 -90.0 

* 
, Total(samp1e + spa11 products) weight change. 

+sample weight change. 

--T-- 
t 



- -  - TABLE 8 
- - 

PNOMINAL OF MODIFIEDTASKG 
8 ,  

C o m p o s i t i o n ,  w / o  
D e s i g n a t i o n  Fe N i  C r  A 1  O t h e r  

I TABLE 9 
WEIGHT LOSS O F  MODIFIED TASK I ALLOYS 

- 
DURING ARC MELTING 

- -  

A l l o y  
Percent 

W e i g h t  Loss 



TABLE 10 

OXIDATION RATE OF MODIFIED TASK I ALLOYS DURING CYCLIC FURNACE EXPOSURE AT 2300°F 

Alloy Weight Change, mg/cmL 
Desig- , 20 h r  40 hr 60 hr 80 hr 100 hr 
na t ion  Total* Sample+ T o t a l  Sample T o t a l  Sample T o t a l  Sample To ta l  Sample 

1 
i - - - -  7 - - .- -- -- . - 

129.00 
- .- -- - -- - - 

'I * - - 

Tota l  (381dple + spa11 products) weight change. 

%ample weight change. 
-- - - - . . 



TABLE 11 

OXIDATION RATE OF MODIFIED TASK I ALLOYS DURING CYCLIC TORCH TESTING AT 2300°F 

- 

- 

Alloy S e p l e  Weight Change, mg/cmd 
Desig- 20 h r  44 hr  60 h r  84 h r  100 h r  
nat ion Total* Front+ Tota l  Front Tota l  Front Tota l  Front Tota l  Front 

* 
Calculated using t o t a l  surface area.  

+ Calculated using flame impingement f ron t  area.  
I - 
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TABLE 12 1 

I 

CHEMICAL ANALYSES OF TASK I AND MODIFIED TASK I ALI '1 

Composition, w/o* 
Alloy Fe Ni Cr A1 Other Source+ 

Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal - - 24.76 4.18 0.47Ti K 
Bal - - 24.40 3.92 0.40Hf F 
Bal - - 23.88 4.10 0.98Ta K 
Bal - - 24.08 4.06 0.35Ta K 
Bal - - - -  - .- 24.-i).7-. 3 .-9-5.- -0.33Th.- .. .- F 
Bal - - 24.68 4.00 0.51Y K 

Bal 19.76 6.80 
Bal 19.89 5.09 
Bal 20.14 5.06 
Bal 19.59 5.01 
Bal 19.86 4.99 
Bal 15.82 5.20 

- - - - - - - - - - - - Bal 23.10 --  
*~ominal Analysis : Fe-25Cr-4A1, Ni-20Cr-5A1, Ni-25Cr-lOTa 

+K = Charles C. Kawin Company. 
F = William A. Fahlbush Associates. 

I 
I 

i - - 
- - - -  , ._ I 



d a m m  . . a d . . . * 
0 m ~ 0 0 0 d 0 0 m d 0 0 0  
m  m m m  7 m m m  
A  A A A  A  A  4 

d m m N m m m m N b m m m m  . . . . . . . . . . . . . .  
d 0 0 d 0 0 0 0 ~ d 0 0 0 0  

v  v v v v  v v v v  



TABLE 14 

METAL RECESSION AND OXIDE PENETRATION DEPTH FOR TASK I Ni-Cr-A1 ALLOYS 
w 

Exposure Time, hr 
20 hr 60 hr 100 hr 

Alloy 0 Metal Metal Max. Depth of Metal M a x .  Depth of 
Desig- Recession, penetration, Recession, penetration, Recession, ~enetration, 
nation Mi 1s Mils Mils Mi 1s Mils Mils 



Exposure Time, h r  

Alloy 
Desig- Recession, Penet ra t ion ,  Recession, Penet ra t ion ,  Recession, Penet ra t ion ,  
na t ion  M i  1s Mils M i  1s M i  1s M i  1s M i  1s 

3 . 3  >30 3 .6  > 30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . 2  >30 2 . 2  > 30 
1 .8  8 . 1  4 . 5  18.5 
To ta l  conversion t o  oxide 60 hr----------------  

( 0 . 5  ' 3 0  1 .4  > 30 < 0 . 5  >30 0 . 6  > 30 
2 . 5  6 . 4  4 . 2  2 0 . 0  



- .  

TABLE 15 (Continued) 

I 

Exposure Time, hr 
20 hr 60 hr I 100 hr 1 Metal Max. Depth of Metal ' Alloy, Max, Depth of ' Metal Max. Depth of 

Desig- Recession, penetration, Recession, Penetration, Recession, Penetration, 1 

I nation Mi 1s Mi 1s Mi 1s Mi 1s Mils Mi 1s I 
i 



A A A  

m m m N o C O m m m m m b m  . . . . . . . . . . . . .  
0 0 0 N d 0 0 0 0 0 d m 0  
V V V  V V V V  V  

\ O m m N b \ O O o  N 0 . . . A d d & d d N N O 0 0 4 - C O  
V V  m m m  

A A A  

m m m o b ' a m m m m m N m  . . . . . . . . . . . . .  
0 0 0 N 0 0 0 0 0 0 d d 0  
V V V  V V V V V  V  

c d m m  
umrl m m m b m m m m m m m a m  . . . . . . . . . . . . .  Q) 0.4 

E e p  
o o o r l o o o o o o o d o  

d V V V  V V V V V V  y I 



TABLE 17 

METAL lU3CESSION AND OXIDE PENETRATION DEPTH OF MODIFIED TASK I ALLOYS 

I DURING CYCLIC TORCH TESTING AT 2300°F 

Metal Max. Depth Hardness a t  Given Distance (mils) from 

mils , of 
Pen;;;;tioy, Alloy Recess ion,  Center, DPH (100-g load) 

0 4 8 12 16 20 24 28 

F20 <O. 5 2.0 205 190 206 199 202 206 205 

NA13 <O. 5 >30.0 2 70 2 74 281 -- 238 238 228 228 203 

TD N i  - - 2.3 4 . 1  165 165 163 
lggi 

165 163 160 160 464 

TD N i C r  2.1 15.0 309 317 322 309 317 292 254 203 
- 

* ~ a r d n e s s  of the  oxide layer .  

d i' - - 



TABLE 18 

EFFECT OF SULFIDATION EXPOSURE ON MODIFIED TAS ALLOYS 

EXPOSED AT 1650°F FOR 20 HR 

Alloy Specif ic  
Desig- Weight C ange, Metal Loss, 
nat ion mg/cm 4 m i l s  Metal lographic Observations 

TD N i  +1.4 

TD N i C r  -0.58 

Very t h i n  adherent oxide. 
No subsurface a t t ack .  

Very t h i n  adherent oxide. 
No subsurface a t t ack .  

Very t h i n  adherent oxide. 
No subsurface a t t ack .  

Very t h i n  adherent oxide. 
No subsurface a t t ack .  

Nonuniform subsurface 
a t t ack  i n  form of i n t e r n a l  
and in tergranular  oxida- 
t i on .  Sulf ide- l ike  phase 
a l so  present .  

Thin adherent oxide. No 
subsurface a t t ack .  

Thin adherent oxide. No 
subsurface a t t ack .  



TABLE 19 

BEND DUCTILITY AND MICROHARDNESS OF TASK I ALLOYS 
AFTER EXPOSURE AT 2300°F FOR 100 HR 

I 
! ~ l l o ~  
jDesig- 
'nation 

Results r-- of - 180"-4t-- 
1 Bend ~ e s ~ -  - - '- 

Microhardness, DPH (100~ load) 
As After Exposure, at Given Distance - 
Fabri- (mils) from Center 

j cated 0 4 8 12 16 20 24 28 
I i 

i ~rackeq after slight bend. i 
i cracked, almost immediately. 
I cracked almost immediately. 1 

Crackeq almost immediately. j 
i 

passed./ I 

Sample 'bent 180° but numer- I 
ous smdll cracks present o 
tens ior/ side. 

d 
i 

;* , Samples cut f$om oxidation specim&s. 
I I 



TABLE 2U 7 

BEND DUCTILITY AND MICROHARDNESS OF MODIFIED TASK I ALLOYS 
I 
I 
! 

I 

;Alloy Bend Duct i l i ty ,  180"-4t 
Desig- o x i d i z e d  Fabri- from Center 
'nation Hot Rolled 2300°F-100 hr cated 0 4 8 1 2  16 20 24 28 

Bent -9-O0 and 
cracked,. ~ r a c k ~ d  
immedidt e ly  when 
another; bend was 
attempqed. 

Bent 180°, no 
cracks .' 
Bent d o 0 ,  one 
small edge crack. 

Bent l&lO,  few 
small cracks on 
tension side.  - 

Bent -90" and 
cracked. 

Bent l q O O ,  no 
cracks .; 

I 

Bent 180°, no 
cracks .i 

cracked af t e r  
s l igh t  'bend. 

Bent 180°, no 
cracks. 

Bent 180°, no 
cracks. 

Bent 180°, few 
small edge cracks. 

,Crac.k-ed imme- 208 
diatelyi. 

i 
I 

1 
I 

cracked' almost 
immediately. 

cracked' imme- 205 
diatelyi. 
Bent 180°, no 216 

, - 
cracks. i 

Bent 1810, one 219 
small epge crack. 

Bent 18p0, no 203 
cracks. / 
cracked1 almost 200 
immedia'tely. 

I 

cracked1 a f t e r  - 
s l igh t  bend. 

Bent 180°, no 308 
cracks. 

Bent 180°, no - 
cracks. 

Bent 180°, no - 
cracks. 

Not determined 

Not determined 

Not determined 

Not determined 



*------ - - - - - - - 
i TABLE 21 

COMPARISON OF THE WEIGHT CHANGE 

OF TASK I AND MODIFIED TASK I ALLOYS 
AFTER EXPOSURE AT 2300°F FOR 100 HR 

Modified Task I 
Spec i f i c  Weigh 

Alloy Change, mg/cm 5 
.L 

Designation ~ o t a l -  Specimen + 

* 
T o t a l  (sample + spa11 products) weight change. 

 ample weight change. 



TABLE 22 
Y 

NOMINAL COMPOSITION OF TASK I1 ALLOYS , 
- - - r e -  - 

Composition, w/o 
Fe Ni Cr A1 Other Alloy 

Bal 

Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 
Bal 

Bal 

Bal 
Bal 

Bal 
Bal 
Bal 

Bal 
Bal 
Bal 

Bal 

* 
Task I alloy. 



TABLE 23 

WEIGHT LOSS  OF TASK I1 ALLOYS 
DURING ARC MELTING 

A l l o y  
Percent 

W e i g h t  Loss 

* 
D u p l i c a t e  a r c - m e l t .  



MECHANICAL BEHAVIOR OF TASK I1 ALLOYS DURING HOT ROLLING AT 2150 '~  

F ina l  Tota l  
Thickness, Reduction, 

i n .  % Appearance 

No surface or  edge cracking 

No surface or  edge cracking 

very l i g h t  edge cracking 

Very l i g h t  surface and edge 
cracking 

No surface or  edge cracking 

No surface o r  edge cracking 

Very l i g h t  surface cracking 

Very l i g h t  edge cracking 

No surface or  edge cracking 

No surface or  edge cracking 

No surface or  edge cracking 

No surface or  edge cracking 

Light surface cracking 

No edge or  surface cracking 

Light edge cracking 

Moderate edge and surface 
cracking 

Light edge and surface crack- 
ing 
Moderate edge and surface 
cracking 

Very heavy surface and edge 
cracking 



TABLE 2 5  

OXIDATION RATE OF TASK I1 ALLOYS DURING CYCLIC FURNACE EXPOSURE AT 2300°F 

A l l o y  Weight Change, mglcmL 
Des ig -  4 0  h r  X U  h r  L L U  hr  LbU h r  LOU h r  L4U h r  Z8U h r  - r r r 
n a t i o n  T o t a l  Sample T i m -  E t a 1  S a m p T  T o t a l  S a m p x  T o t a l  Sample T o t a l  Sample r o t a 1  Sample T a  --- 

F8 3 . 2 0  1.36 4 . 0 7  1 . 5 9  4 .64  1 .78  5 . 6 7  1 . 9 0  6 .55  2.17 7 . 0 4  2 . 3 0  8 .29  2.57 11.10 6 . 2 1  Stopped a f t e r  320 h r  

F16 3 . 4 4  1 . 3 8  4 . 3 8  1 .65  5 . 2 7  1 . 9 0  6 .35  2.15 8 . 0 6  2 . 3 2  8 .81  2 .56  12.99 5.96 19.48 13.27 Stopped a f t e r  320 h r  

F24 2.37 1 . 4 8  3.04 1 . 6 9  3 . 2 8  2 . 0 1  3.62 2.30 4 . 7 8  2 .89  9.77 7 . 1 1  Stopped a f t e r  240 hr  

F25 2 . 0 6  1.47 2.47 1.64 3 .29  1 . 9 0  3 .60  2.09 5 .50  2.97 11 .25  7.38 Stopped a f t e r  240 h r  

F26 2 . 2 0  1 .50  4 .55  1 .66  5 .80  1.97 6 . 0 3  2 . 1 8  7 .79  2.67 9.50 3.78 11.48 5 .16  19.32 11.85 Stopped a f t e r  320 h r  

F27 2 .20  1 .24  3 . 8 9  1 . 3 3  4.02 1.44 4 . 5 1  1 .67  5 . 0 7  1 .73  5 .68  1 .87  6 .66  2.06 6.10 2.32 6 .73  2 . 5 3  6.72 3 .09  

F17 2 .09  1 . 4 1  4 .24  1 . 0 1  6 . 7 1  1 . 9 9  17.54 8 . 7 4  20.37 10 .18  (180 h r )  Stopped a f t e r  180 h r  

F28 1 . 3 8  0.93 3.39 0.59 10 .57  8 .57  19.15 1 5 . 2 6  (140 h r )  Stopped a f t e r  140 h r  

F29 2 .89  0 .46  3.27 0 .45  4 . 0 2  0 .89  5 . 1 8  1 . 6 1  7 .65  3 . 8 5  (180 h r )  Stopped a f t e r  180 h r  

TD N i  11.05 9 . 2 1  17.03 15.97 23 .51  21.34 28.74 26.08 33.45 30.60 37 .89  35 .16  4 2 . 3 3  39.16 46 .33  42.82 4 8 . 1 1  4 4 . 3 1  52.60 4 7 . 6 1  

TD N i C  1.53 -0.64 2.00 -1.38 3 . 8 0  -2.25 3 .58  -3.29 -- - - 3 . 0 4  -5 .43  2.76 -7.16 1 .72  -9.57 1 . 7 5  -10.85 1 . 5 3  -14 .2  
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4, ' 
LIFE OF 10-MIL s$E"ET SAMPLES OF TASK I1 ALLOYS 

1 
I-- _ _ DURING - CYCLIC FURNACE OXIDATION AT 2 3 0 0 ~ ~  

- -- . -- - - - -  

Removal 
Alloy* Time, 

(Addition, w/o) h r  Remarks 

Dark green; complete oxidation 
one-half both specimens. 

Dark green; complete oxidat ion 
one-half of one sample; complete 
penetra t ion i n  large  a rea  on 
second sample. 

Dark green; extensive oxidation 
a t  edges and corners;  very rough 
surface  appearance. 

Tan oxide ; considerable oxidation 
a t  edges and corners;  one-f i f th  
of one sample consumed. 

F25 (0.5Ti-0.5Ta) 240 Tan oxide, extensive oxidation 
a t  edges and corners; one- f i f th  
of one sample consumed. 

F26 (0.5Ti-1. OTa) 320 

F30 (0.3Th) 440 

Tan oxide; considerable oxidation 
a t  edges and corners; one-f i f th  
of one sample consumed. 

Tan oxide; extensive a t t ack  a t  
edges and corners;  one-third of 
each sample badly at tacked.  

Tan oxide; extensive oxidation a t  
edges and corners.  

Dark gray; extensive a t t ack  edges 
and corners;  both samples broken 
due t o  oxide f rac ture .  



TABLE 26 (Cont inued) 
IT 

* 
Alloy 

(Addition, w/o) 

Removal 
Time, 

hr  Remarks 

F27 (0.23TiY 0.20Hf) 540 Light t o  dark gray; one sample 
complete oxidation; second sample 
moderate edge a t t ack .  

Light t o  dark green; edge a t t ack  
a l l  edges and corners; spa l l ing  
of oxide a t  edges; c ruc ib le  green. 

Light t o  dark green; edge a t t ack  
a l l  edges and corners; spa l l ing  
of oxide a t  edges; c ruc ib le  green. 

Light t o  dark green; edge a t t ack  
a l l  edges and corners; one sample 
broken i n  h a l f ;  spa l l ing  of oxide 
a t  edges; c ruc ib le  green. 

Dark gray; extensive a t t ack  edges 
and corners;  both samples broken 
due t o  oxide f rac ture .  

Dark gray; extensive a t t ack  edges 
and corners;  both samples broken 
due t o  oxide f rac ture .  

Light gray oxide with dark green 
patches; no apparent edge e f f e c t .  

Light gray oxide with dark green 
patches; no apparent edge e f f e c t .  

Light t o  dark gray oxide; s l i g h t  
a t t ack  one end of sample. 

Black with l i t t l e  spa11 product; 
c ruc ib le  green; minor dimensional 
change 

TD N i C r  Gray t o  black oxide with extensive 
spa l l ing  ; cruc ib le  green; dimen- 
s ions decreased extensively 

* 
F a l loys ,  Fe-25Cr-4A1; NA a l loys ,  Ni-20Cr-5A1 



TABLE 27 

WEIGHT CHANGE OF INTERDIFFUSION ALLOYS 
DURING EXPOSURE I N  ARGON AT 2300°F FOR 100 HR 

Specimen 
Alloy Dimens ions ,  

Des igna t ion  i n .  
Weight Change, mg/cm2 

T o t a l  Specimen 

F16 2 x 0 .5  x 0.01 +2.5 +0.6 

F18 2 x 0 .5  x 0.01 +3.0 +2.5 

NA13 2 x 0.5 x 0 .01  +1.0 +O. 75 

TD N i  2 x 0.5 x 0.06 +0.2 +0.1 

TD N i C r  2 x 0.5 x 0.06 +0.8 +O. 5 



TABLE 28 

RESULTS OF CHEMICAL ANALYSIS OF TASK I1 ALLOYS 

Alloy 
~esig- 
nat ion 

Composition, w/o* 
Fe Ni Cr A1 Other Source+ 

Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 

Bal 
Bal 
Bal 

Bal 
Bal 
Bal 

+K = Charles C. Kawin Company. 
F = William A. Fahlbush Associates. 

* - 
Nominal Analysis : Fe-25Cr-4A1, Ni-20Cr-5AlL 



-- - -  - - -- 
w 

I - - 
- I 

TABLE 29 - 
I 

I METAL RECESSION AND OXIDE PENETRATION DEPTH FOR TASK 11 ALLOYS 

- -  - -  _ 
DURING CYCLIC FURNACE EXPOSURE AT 2300°F 

- - -  I 

Exposure Time, hr  
100 h r  400 hr  800 hr  

Alloy Metal Max. Depth of Metal Max. Depth of Metal Max. Depth of 
Desig- Recession, Penetrat ion,  Recession, Penetrat ion,  Recession, Penetrat ion,  
na t ion  M i l s  M i l s  M i  1s M i l s  M i  1s M i  1s 

F28(0.3 Hf) 0.5 5.0* 
F17(0.5 Hf) 1.0 5.0* 

F29(0.3 Hf, 0.75 1.5 
0.5 Ta) 

F8(0.23 Ti)  < 0.5 < 0.5 
F16(0.5 Ti)  < 0.5 < 0.5 
~24(0.75TJ)  < 0.5 < 0.5 

2.0 5.0*(140hr) -- - - - . - -  

1.5 5.0*(180 hr )  -- - - 
(180 h r )  Complete oxidation \ 

0.75 
(320 h r )  

0.7 
0.8 

5.0*(320 h r )  -- 
Complete oxidat ion 

5.0" (240 h r )  - - * 
5.0 (240 hr)  -- F25(0.50Ti, < 0.5 

0.5 Ta) 
5.0*(320 h r )  -- F26(0.5 ~ i ,  < 0.5 

1.0 Ta) 
F27 (0.23Ti, 0.7 

0.50Hf) 
5.0*(540 h r )  

2.7 

1.5 - A 
Complete oxidat ion I 

(540 hr )  I 

NA17(0.5Th, < 0.5 
1. OTa) $ 1  

1 



TABLE 29 (Continued) 

Alloy 
Desig- 
nation 

- -- 

Exposure Time, hr 
100 hr 400 hr 800 hr 

Metal Max, Depth of Metal Max, Depth of Metal Max. Depth of 
Recession, Penetration, Recession, Penetration, Recession, Penetration, 
Mi 1s Mils ' Mi 1s Mils Mils Mi 1s 

F30(0.3 Th) < 0.5 < 0.5 1.5 5.0* 
~20(0.5 Th) < 0.5 < 0.5 0.75 5.0" 
F31(0.3 Th, < 0.5 < 0.5 1.0 5.0* 

0.5 Ta) 
F22(0.15 Y) < 0.5 < 0.5 < 0.5 0.7 
F14(0.25 Y) < 0.5 < 0.5 < 0.5 < 0.5 
F23(0.25 Y, < 0.5 

0.5 Ta) 

1.6 5.0* (440 hr) 
' 1.0 5.0* (780 hr) 
Complete oxidation , 

(680 hr) 

* 
Complete penetration as scattered oxide particles and/or large pores throughout sample . 



TABLE 30 

RESULTS OF METALLOGRAPHIC EXAMINATION OF DIFFUSION COWLES 

AS-FABRICATED AND AFTER EXPOSURE AT 2300°F 

Dif fus ion  
Couple 

Average Average Average 
Cladding Porous Zone Subs t ra t e  

Thickness, Thi<cknes s  , Thickness , 
m i  1s m i  1s m i  1s Comments 

As Fabricated I 

F~G/TD N i  14.5 - - 38.5 Good i n t e r f a c i a l  bond I 

F~G/TD N i C r  12.5 - - 38.5 Good i n t e r f a c i a l  bond 
F18/TD N i  7 . 5  - - 21.0 Good i n t e r f a c i a l  bond 
F ~ B / T D  N i C r  12.2 - - 32.7 Good i n t e r f a c i a l  bond 
NA13/TD N i  13.0 - - 34.2 Good i n t e r f a c i a l  bond 
N A ~ ~ / T D  N i C r  12.2 - - 36.0 Good i n t e r f a c i a l  bond 

1 -. - - 7  I 

F16/TII N i  . 5 . 5  
I 

F ~ ~ / T D  N i C r  , 7 . 5  

Extensive i n t e r f a c i a l  poros i ty  ; 
extens ive  poros i ty  i n  cladding.  
Extensive i n t e r f a c i a l  poros i ty ;  
some poros i ty  i n  cladding.  
Extensive i n t e r f a c i a l  poros i ty ;  ' 
extens ive  poros i ty  i n  cladding.  

Extensive i n t e r g a c i a l  poros i ty ;  
some poros i ty  i n  cladding. 
No uniform i n t e r f a c i a l  poros i ty ;  
minor cladding poros i ty .  
No i n t e r f a c i a l  poros i ty ;  no 
s i g n i f i c a n t  c ladding poros i ty .  

Extensive i n t e r f a c i a l  poros i ty  ; 
extensive cladding poros i ty .  
Some i n t e r f a c i a l  poros i ty ,  moderate 
cladding poros i ty .  



TABLE 31 

MICROHARDNESS AND BEND DUCTILITY OF TASK I1 ALLOYS 

AS FABRICATED AND AFTER EXPOSURE AT 2300°F 

I 
Microhardness, DPH (100 g) Bend Ductility, &8O0 -4t 4110~ I 

Desig- ' (a) I I 

4ation Hot Rolled Cold Rolled Oxidized As -Fabricated I Oxidized' 
(a) 

I 

I 

?ass 
! 

pass 
I 
I 

I 
Pass 

Pass 
I 
Pass 
I 

Pass 
I 

Pass 

Pass 

Pass 

Pass 

Pass 

Pass 
- -  

Fi r s t  'crack appaared a t  ! 
90°, no separation. I 

F i r s t  crack appeared a t  
110°, !no separation. I 

1 

Fi r s t  icrack appeared ' a t  
90°, no separation. i 

(b) 
! 

Very ( r i t t l e  
Co) I 

Very q r i t t l e  I 
i 

Crack /appeared a t  110°, 
no separation ! 

Pass j 
! 

Pas s 

Pass 

Crack appeared a t  85O, 
no separation. , 

Crack appeared a t  85O, 
no separation. 

Very b r i t t l e  (b 



TABLE 31 (Continued) 

I 

I I I 
I 

1 

I Alloy , 1 . - Bend Duct i l i ty ,  V8O0 -4t I 

Desig- , 
liation Hot RollGd Cold Rolled As -kabricated i Oxidized1 

I 

I 
I 

v9 228 317 1000 Very b r i t t l e ,  
I I 

F30 2 13 322 190 Pass Very b r i t t l e  

pass Very p r i t t l e  (b) 
I ' (c) -- Pass 

I (4 Passl 

i (4 Pas s 

Pass j 1 

Very b r i t t l e t b )  
I ' 

, ! . - - - F  

(a) m ~ i r i & # & ~ ~ a a ~ ~ & ~ ~ s m ~  * &cn a l loy ,  as  lndicatea  i n  Table 26 

- (b) Ductile bend of t h a t  pa r t  of specimen with minimal oxidation. 

k c )  After  annealing a t  2150 '~  f o r  15 min. 



TABLE 32 

MICROHARDNESS AND BEND DUCTILITY OF DIFFUSION COUPLES 
AS FABRICATED AND AFTER EXPOSURE AT 2300°F 

Dif fus ion  
Couple 

1 

Microhardness, DPH (100 g) I 

i 
Condition --cladd-%ng subs t ra t e*  Bend Test  Resul t s ,  180' -4tj 

I I 
I 

F ; ~ ~ / T D  N i  As fab r i ca ted  245 
I 2300°F-100 h r  1k3 

1 

F ~ ~ / T D  N i C r  A s  f ab r i ca ted  
2300°F-100 h r  

As fab r i ca ted  
2300°F-100 h r  
2300"~-300 h r  

F18/TD N i C r  As f a b r i c a t e d  
2300°F-100 h r  

N A ~ ~ / T D  N i  A s  f ab r i ca ted  
2300°F-100 h r  

2 17 Separat ion on t ens ion  s i d e l  
297 Separat ion on compression 

s i d e .  , 
336 Pass I 

3 10 Pass 

Separat ion on t ens ion  side, .  
Pass 
Pass 

Separat ion on both s i d e s .  , 

Pass 

Pass 
Pass 

I 

2300°F-300 h r  124 207 Pass 

As fab r i ca ted  285 309 S l i g h t  sepa ra t ion  on ten-  
I s i o n  s i d e .  

2300°F-100 h r  15 7 300 Pass 

Located a t  c e n t e r  of s u b s t r a t e .  



TABLE 33 

ELECTRON MICROPROBE DATA FOR AS -FABRICATED 
TASK I1 CLADDING ALLOYS 

1 Alloy Elements 
 designation Scanned Observations I 
I I 
L 

! I 

F 14 Fe,Cr,Al,Y Severa l  small  Y peaks, I 
- .  poss ib ly  Fe-Cr-Y com- 

pound; remaining e l e -  1 
I ments uniform. I 

Severa l  small  Y peaks, 
possibly Fe-Cr-Y com- 
pound; remaining e l e -  
men t s uniform . I 
A 1 1  elements uniform. 

A l l  elements uniform. 

F e;CryAl, f  h -S-everal s-erong Th eaks, 
possibly Fe-Cr-Th ,om- 
pound; o the r  elements 
uniform. 

I 

' Several  s t rong  Th @eaks, 
I possibly Fe-Cr-Th com- 

pound; o the r  elements 
uniform. 

A l l  elements uniform. 

LN~-,  C r  , A 1  <Tk S-trong---T-h--peaks ,. pos s i b  l y  
Ni-Th compound ; o t h e r  
elements uniform. 



II. - 
ELECTRON MICROPROBE DATA FOR CLADDING ALLOYS 

1 AFTER CYCLIC FURNACE OXIDATION AT 2300°F I 
I 

1 i Alloy , Elements 
pe s ignat  ion Scanned 

Exposure 
Time , 

hr  Observations 1 I 

A 1  peak a t  surface (-1.0 mi l ) ;  Fe, C r ,  Y d e p l e t i  I 
a t  A surface  peak; no other  s ign i f i can t  Fe, C r , l  
Y va r i a t i on .  

A 1  peak a t  surface (-1.2 mi l s ) ;  Fe, C r ,  Y deple- 
t i o n  a t  A 1  surface peak; no other  s ign i f i can t  Fe, 
C r ,  Y va r i a t i on .  i I 

I A 1  peak at surface (-1.5 mils) ; Fe, C r ,  Y deple- I 
t i o n  a t  A 1  surface peak; tendency toward minor ~ r l  
increase,  Fe decrease beneath Al-rich surface 1 
layer .  1 i 

. 100 i A 1  peak a t  surface  (-0.5 mi l ) ;  Fe, C r ,  Y dep le t io  I P at  A 1  surface peak; no other s ign i f i can t  Fe, C r ,  , I Y va r i a t i on .  i 
I 

A 1  peak a t  surface  (-1.2 mi l s ) ;  Fe, C r ,  Y deple- 1 
t i o n  a t  A 1  surface peak; no other  s ign i f i can t  Fe 
C r ,  Y va r i a t i on .  ' I 

I A 1  peak a t  surface (-1.1 mi l s ) ;  Fe, C r ,  Y deple- i 

t i o n  a t  A 1  surface peak; s l i g h t  C r  peak, 
t i o n  beneath Al-rich surface layer .  

Fe deplel 
I 

 IF^, C r ,  A 1  surface peak (-0.5 mi l ) ,  possible minor Y peak ; 
0.5Ta) IA~,--Y ,--Tap---.- 

6 
Fe, C r ,  Y deplet ion at A 1  surface peak; no other  / 
s ign i f i can t  Fe , C r  va r i a t i on .  1 

i 
i 

800 A 1  surface peak (-1.4 mi l s ) ;  Fe, C r ,  Y deplet ion 
- - -- - - - - . - - - -- i a&Al--sur*aee peak-; - no other- s-igni-f-5~ ant--Fe-,--C-Y,-Y 

va r i a t i on .  



I -- -2~ - - .- . -- 
TABLE 34 (Continued) 

I 
1 

I Exposure 1 
Alloy Elements Time, 

IDes ignat  ion Scanned h r  Observations 
- -  - pp 

1 ~ 1 6  (0.5Ti) Fe, C r ,  100 A 1  surface peak (-0.6 mi l ) ;  minor T i  peak beneath 
1 A l ,  T i  A 1  l ayer ;  Fe, C r ,  T i  deplet ion a t  A 1  surface peak. 

Completely oxidized; no A 1  surface peak; Fe con- 
centra ted  a t  surface.  Very i r r egu la r  concentra- 
t i on  p r o f i l e  due t o  porosi ty .  

A 1  surface peak; i n t e r n a l  Th peaks; no s ign i f i cad t  
Fe, C r  va r i a t i on .  

No A 1  peak a t  surface;  i n t e rna l  Th peaks; s l i g h t  
Fe, C r  increase a t  surface.  I 

Fe, C r ,  A l ,  100 
Th, Ta 

A 1  peak a t  surface  ( 0  6 mil) ; i n t e rna l  Th peaks ;/ 
C r ,  Fe deplet ion a t  A l  surface peak; no other  s i  - 
n i f i c a n t  Fe, C r  va r ia t ion .  gi 

I 
I A 1  peak a t  surface (1.5 mils ) ;  i n t e rna l  Th peaks/; 

possible Ta peaks associated with Th peaks. S l igh t  
C r ,  Fe increase a t  surface.  1 

I 

A 1  peak a t  surface  (-2.2 mi l s ) ;  no major Th peaks; 
N i ,  C r  deplet ion a t  A 1  surface peak, minor C r  pe k 
beneath A 1  surface peak. 7 

i 
lNA16 (0.3Th) / ~ i ,  C r ,  100 

I L N ~ ,  C r ,  1 100 / A 1  peak a t  surfa=e (-0.2 mil)  ; strong i n t e r n a l  Th 
(0.5Th, 1.OTa) AX-; Th;-'Ta---- - 

-- peaks; C r ,  . N i  deplet ion a t  strong Th peak near 
surface; N i  K g  in ter ference with Ta La. 

No A 1  peak a t  surface;  s trong in t e rna l  and su r f a  e 

near surface.  
$ Th peaks (Tho2?); N i ,  C r ,  A 1  deplet ion a t  Th pea 

I 

L - - - - - -.. -- - - 400 ----face- A 1  peak Cr.--N a t  , su i f  i-d-eTI-e ace t-i-65- (-1.1 xt- mils) - T k ~ ~ k  ; Th ;- Ni-Kpi-nxF-- peak near  s u r j  

f e r e i ce  wi th  Ta L,. B 



TABLE 35 

RESULTS OF ELECTRON MICROPROBE EXAMINAT I O N  

OF AS-FABRICATED DIFFUSION COUPLES 
- - - - - -- 

- -  - 

Diffus  ion 
Couple 

Elements 
Sc anned Observations 

F ~ ~ / T D  N i  Fe,Cr,Ni,Al,Ti,Th T i  peak a t  i n t e r f a c e ;  r e -  
1 maining elements uniform 

i n  cladding and s u b s t r a t e .  

F16/TD N i C r  Fe,Cr,Ni,Al,Ti,Th 
1- - 

- L 

i 

Strong T i ,  s l i g h t  A l ,  peak 
a t  i n t e r f a c e ;  remaining 
elements uniform i n  c l ad -  
ding and s u b s t r a t e .  

A l l  elements uniform. 

F18/TD N i C r  Fe,Cr,Ni,Al,Th,Ta 

! 
S l i g h t  A 1  peak,Cr deple-  
t i o n  a t  i n t e r f a c e .  A l l  
o t h e r  elements uniform. 

I N A ~ ~ / T D  N i C r  N i , C r  ,Al,Th 
- 

I Th peaks . olaadiGg,"%,, 
C r  dep le t ion  a t  Th peaks; 
a l l  o t h e r  elements un i -  
form. 

Several  small  Th peaks i n  
cladding,  a l l  o t h e r  ' e l e -  
ments uniform. I 1  



TABLE 36 

ELECTRQN MTCROPROBE DATA FOR DIEFUSION COUPLES 
AETER 1NTF;RDIFFUSIQN AT 2300°F FOR LO0 AND 300 HR 

Diffusion Intensity at Given D i ~ t a n c e  from Surface .(mils), c.oaptn/scc. 
Element Surface 5 7.2 10.8 14.4 3.8 21.6 28.8 36 

F16/TD N i C r  pe 
i N i  

C r  
t A 1  
! Ti 
1 

I 
I Th I 



iD i f fus ion  I n t e n s i t y  a t  Given Distance from Surface (mi l s ) ,  counts/sec I 
: Couple Element Surface 5 7.2 10.8 14.4 18 21.6 28.8 36 1 
N A ~ ~ / T D  N i  N i  4400 4500 4600 4780 4800 

I 4900 5000 5000 5000 I 

C r  1200 1110 1020 780 570 330 165 60 60 1 
A 1  25 26 23 22 20 20 20 20 

- -  - -18 25 318 18 21 30 30 30 30 
i 

N A ~ ~ / T D  N i C r  Hi 4500 4400 4900 4900 5200 5200 5300 5200 5200 i 
30 I 

C r  1770 1290 1680 1710 1770 1830 1800 1800 1800 
A 1  38 :38 37 36 36 36 34 33 33 1 

, ~h 21 '2 1 18 18 27 27 27 27 27 I 



TABLE 37 

ROLLING SCHEDULE FOR FABRICATION OF 5 MIL FOIL MATERIAL 

Final 
Rolling No. of Thickness, % Reduction 

Condition Passes mi 1 per ??its S" 

Hot 

Cold 

Cold 

Cold 

Cold 

Cold 

+samples annealed 2100°F-15 min prior to subsequent reduction 
scheduling. 

>v 
Approximate percent of reduction due to springback. 
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Fig. 34 - Microstructure of Alloy F22 
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Attention: Library (1) 

American Society for Metals 
Metals Park 
Novelty, Ohio 44073 
Attention: Library (1) 

Avco Space Systems Division 
Lowell Industrial Park 
Lowell, Massachusetts 01851 
Attention: Library (1) 

The Bendix Corporation 
Research Laboratories Division 
Southfield, Michigan 48075 
Attent ion: Library (1) 

Boeing Co. 
P.O. Box 733 
Renton, Washington 98055 
Attention: SST Unit Chief, 

W.E. Binz (1) 

University Circle GY 

Cleveland, Ohio 44106 
Attention: Library (1) 

Chromalloy Corp. 
169 Western Highway 
West Nyack, New York 10994 
Attention: Mr.  L. Maisel (1) 



D i s t r i b u t i o n  L i s t  

Denver Research I n s t i t u t e  
Univers i ty  Park 
Denver, Colorado 80210 
At tent ion:  L ib ra ry  (1) 

~ o u g l a s  A i r c r a f t  Co. MFSD 
3000 Ocean Park Blvd. 
Santa Monica, C a l i f o r n i a  90406 
At tent ion:  L ib ra ry  (1) 

Fans tee l  Meta l lu rg ica l  Corp. 
Number One Tantalum Place 
North Chicago, 11-linois 60064 
At tent ion:  Library  (1) 

Ford Motor Company 
Mater ia ls  Development Dept . 
20000 Rotunda Drive 
P,O. Box 2053 
Dearborn, Michigan 48123 
At tent ion:  Mr, Y .  P. Telang (1) 

F i r t h  S t e r l i n g ,  I n c ,  
Powder Metals Research 
P,O. Box 71 
Pi t t sburgh,  Pennsylvania 15230 
Attent ion:  L ib ra ry  (1) 

General  E l e c t r i c  Co. 
Advanced Technology Lab. 
Schenectady, New York 12305 
Attent ion:  L ib ra ry  (1) 

General E l e c t r i c  Co. 
Mater ia ls  Development Lab. Oper . 
Advance Engine and Tech. Dept. 
Cinc innat i ,  Ohio 45215 
At tent ion:  Mr. L.P. Jahnke (1) 

General  Motors Corporation 
Al l i son  Divis ion 
Indianapol i s ,  Indiana 46206 
Attent ion:  m. D ,  K .  Hanink (1) 

Mater ia ls  Lab. 

General Technologies Corp . 
708 North West S t .  
Alexandria, Vi rg in ia  22314 
Attent ion:  L ib ra ry  (1) 

E . I .  DuPont de Nemours and Co, Inc, 
Pigments Dept. Metal Produc t s  
Wilmington, Delaware 19898 
Attent ion:  L ib ra ry  (1) 

I I T  Research I n s t i t u t e  
Technology Center 
Chicago, ~ l l i n o i s  60616 
At tent ion:  Mr. V *  H i l l  (1) 

Library  (1) 

I l i k o n  Corporation 
Natick I n d u s t r i a l  Center 
Natick, Massachusetts 
Attent ion:  Library  (1) 

I n t e r n a t i o n a l  Nickel Company 
P.D. Merica Research Lab, 
S t e r l i n g  Fores t  
Suffern,  New York 10901 
At tent ion:  Library  (1) 

Arthur D .  L i t t l e ,  Ine.  
20 Acorn Park 
Cambridge, Massachuseats 
At tent ion:  L ib ra ry  (1) 

Lockheed Palo Alto Research L a b s ,  
Mater ia l  and Science T,ab. 52-30 
3251 Hanover S t r e e t  
Palo Alto,  C a l i f o r n i a  94304 
At ten . :  Technical In fo ,  Cen te r ( l )  

Mr.  E . C . Burke (1) 

Massachusetts I n s t i t u t e  s f  Tech. 
Metallurgy Dept ., RM 8-305 
Cambridge, Massachusetts 02139 
Attent ion:  L ib ra ry  (1) 



D i s t r i b u t i o n  L i s t  

Narmco Research & Development Div, 
Whittacker Corporation 
3540 Aero Court 
San Diego, C a l i f o r n i a  92123 
Attent ion:  L ib ra ry  (1) 

Nuclear Mater ia ls  Company 
West Concord, Massachusetts 01781 
Attent ion:  L ib ra ry  (1) 

Ohio S t a t e  Univers i ty  
Columbus, Ohio 43210 
At tent ion:  L ib ra ry  (1) 

Rensselaer Polytechnic I n s t i t u t e  
Troy, New York 12180 
At tent ion:  L ib ra ry  (1) 

S h e r r i t t  Gordon Mines, Ltd .  
Research and Development Divis ion 
F o r t  Saskatchewan, Alber ta ,  Canada 
Attent ion:  L ib ra ry  (1) 

Solar  Divis ion 
I n t e r n a t i o n a l  Harvester Corp. 
San Diego, C a l i f o r n i a  92112 
Attent ion:  Mr. A.R. S te t son  (1) 

Stanford Research I n s t i t u t e  
Menlo Park, C a l i f o r n i a  
Attent ion:  L ib ra ry  (1) 

Stanford Univers i ty  
Palo Alto,  C a l i f o r n i a  94305 
At tent ion:  L ib ra ry  (1) 

Westinghouse E l e c t r i c  Corporation 
Westinghouse Astronuclear Lab. 
P.O. Box 10864 
Pi t t sburgh,  Pennsylvania 15236 
At tent ion:  M r .  R .  Begley (1) 

TRW Electromechanical Divis ion 
TRW I n c ,  
23555 Euclid Avenue 
Cleveland, Ohio 44117 
At tent ion:  M r .  J, ~ ~ d d  (i) 

Union Carbide Corporation 
S t e l l i t e  Divis ion 
Technology Department 
Kokomo, Indiana 46901 
At tent ion:  Technical L i b r a r y  (1) 

United A i r c r a f t  Corporation 
400 Main S t r e e t  
East  Hartford,  Connecticut 06108 
Attent ion:  Research L ib ra ry  (1) 

E .F. Bradley, Chief (I) 
Mater ia ls  Engineering 

United A i r c r a f t  Corporation 
P r a t t  and Whitney Divis ion 
West Palm Beach, F l o r i d a  33402 
At tent ion:  Library  (1) 

Universal-Cyclops S t e e l  Corp, 
Br idgev i l l e ,  Pennsylvania 15017 
Attent ion:  Library  (1) 

V i t r o  Labora tor ies  
200 Pleasant  Val ley Way 
West Orange, New Je r sey  07052 
At tent ion:  M r .  M. Ortner (1) 

Wah Chang Corporation 
Albany, Oregon 97321 
At tent ion:  Library  ( I )  



COATINGS ADDENDUM 

AFML (MAW) 
Wright-Patterson AFB, Ohio 45433 
Attent ion:  M r .  N. Geyer (1) 

Bureau of Naval Weapons 
Department of t h e  Navy 
Washington D.C .  20525 
Attent ion:  M r .  I. Machlin (1) 

Alloy Surfaces,  Inc.  
100 South J u s t i s o n  S t r e e t  
Wilmington, Delaware 19899 
At tent ion:  M r .  George. H.  Cook(1) 

B a t t e l l e  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
Attent ion:  M r .  E .  B a r t l e t t  (1) 

C i t y  College of New York 
Department of Chemical Engineering 
New York, New York 10031 
At tent ion:  M r .  R . A .  Graff (1) 

M r .  M. Kolodney (1) 

P r a t t  & Whitney Divis ion a3f (1) 
United A i r c r a f t  Corp. 
Manufacture Engineering 
A i r c r a f t  Road 
Middletown, Conn. 06457 

Sylvania E l e c t r i c  Products 
Sylcor Divis ion 
Cantiague Road 
Hicksv i l l e  L.  I . ,  New Ysrk 11802 
At tent ion:  M r .  L. Sama (1) 

Texas Instruments,  Inc ,  
Mater ia ls  and Controls D i ~ ~ i s i c r n  
P.O. Box 5474 
Dal las ,  Texas 75222 
At tent ion:  M r .  Gene Wakefield (1) 

U.S.A.F. 
San Antonio A i r  Mater ia l  Area 
Kelly A i r  Force Base, Texas 78241 
Attent ion:  SANEPJ/A. E .  Wright, 

Chief 
J e t  Engine Sect ion (1) 

E .  I .  DuPont de Nemours and Co. Univers i ty  of Dayton 
1007 Market S t r e e t  Research I n s t i t u t e  
Wilmington, Delaware 19898 300 College Park Avenue 
Atten.:  D r .  Warren I .  Pol lack (1) Dayton, Ohio 45409 

Attent ion:  Library  (1) 
General E l e c t r i c  Company 
Mater ia ls  Development Lab Oper . Univers i ty  of I l l i n o i s  
Advance Engine and Tech, Dept. Department of Ceramic Engineering 
Cincinnat i ,  Ohio 45215 Urbana, I l l i n o i s  61801 
Attent ion:  M r .  M. Levins te in  (I) At tent ion:  M r .  J .  Wurst (I) 

M r .  J. W.  Clark (1) 
Univers i ty  of P i t t sburgh  

Howmet Corporation Center f o r  Study of Thermodynamic 
Misco Divis ion Proper t i e s  of Mater ia ls  
One Misco Drive 409 Engineering Ha l l  
Whitehall ,  Michigan 4946 i t t s b u r g h ,  Pennsylvania 15213 
Attent ion:  M r .  S. Wolosin (1) Attent ion:  D r .  G . R .  F i t t e r e r  (1) 
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University of Washfngton I I 

Seramics Department 
Sea t t l e ,  Washington 98101 
Attention: D r .  J. ~ u e E ( l 0 )  

1 es tinghouse E l e c t r i c  Corpora t i on  
I 

esearch La o ra to r i e s  I 

eulah Road, Churchil l  Buro. I I~ 
I ~ i t t s b u r ~ h ,  Pennsylvania 15235 I I 
JAttention: M r .  Re Grekila (1) I 

I 
p h i  t f  i e l d  Laboratories (1) 
P. 0. Box 2 7 
Bethel, Con e c t l c u t  06801 
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